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ABSTRACT 
Water is a key input to western energy resource development. Particularly where 
water supplies are short and water quality degradation is a critical consideration, the 
water resource system conflicts associated with energy development at alternative sites 
need to be carefully examined. A linear programming approach is used in analyzing water 
resource interrelations with comtemplated energy developments in order to assess the 
water-energy trade-offs between developing or not developing various energy extraction 
and conversion processes at alternative sites. 
The problem of finding optimal combinations of water allocation and energy 
resource developments is approached from two perspectives: (1) Maximizing net energy 
output within the limits of water and energy source availability, or (2) minimizing the 
amount of water necessary to produce required levels of energy outputs, again within the 
limits of water and raw energy source availability. The general form of the linear 
programming problem, then, is to maximize net energy .output (or alternatively to 
minimize water use) subject to constraints on water availabilities, energy production 
levels, energy source (deposit) development or extraction rates, and energy extration-
conversion efficiencies. 
To demonstrate the model structure and capabilities, an application is made to the 
energy resource region within the Utah portion of the Colorado River Basin. Surface water 
resources available by stream reaches are designated, and the possible energy 
developments requiring water inputs, for both extraction and conversion processes, are 
located, including: (1) oil (pumping of crude); (2) coal mining; (3) oil shale mining and 
retorting; (4) coal-fired electric generating plants; (5) coal slurry lines; (6) coal 
liquefaction plants (7) coal gasification plants; and (8) oil refineries. For the initial 
application of model, optimal solutions were obtained for both energy maximization and 
water minimization which illustrate composit system effects and potential conflicts that 
could arise from various combinations of water allocation to energy resources 
developments. 
KEYWORDS: energy development, water resources allocation, linear programming, 
optimization, energy extraction, energy conversion, water consumption, 
Colorado River Basin, Utah. 
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CHAPTER I 
ENERGY AND WATER RESOURCES IN THE WEST: 
PROBLEMS AND CONCERNS 
Introduction 
Water, in many cases, is a key factor in the 
development of energy resources in the western 
states. The total water supply available in the arid 
west is fixed; yet potential water uses in the region 
are growing continually. In fact, in many areas 
quanitites of water desired to be put to beneficial 
use has already surpassed the limit of local supplies 
as indicated by filings for water rights. 
The availability of water, in adequate quanti-
ties and of suitable quality, is one of the essentials 
to the economic viability of some economic sectors 
in the states in the Colorado River Basin. Many 
existing water uses are already under economic 
pressure which could shift water to users who can 
afford to pay higher prices. With the entire region 
undergoing an energy boom, Duchesne and Uintah 
Counties, which are agriculture oriented, for 
example, may see water bought from agriculture 
for energy development. 
Project Independence (1974) suggests four 
problem areas expected to be encountered in 
development and use of water supplies for 
energy-related purposes. These are: 
L Water supply problems 
2. Institutional problems 
3. Environmental problems 
4. Financial problems 
This study seeks approaches to investigating 
the quantities of water required for development of 
various energy resources in comparison with the 
potential water sources available in the energy 
regions of the State of Utah. Within this context, 
two specific concerns are raised which are in a 
sense mirror images of one another. 
1 
1. What energy sources should be developed 
to optimize energy production given con-
straints on availability of water? 
2. How can water requirements for energy 
development be minimized while meeting 
specified levels of energy output? 
To address these types of questions, this study 
develops a systems modeling approach which can 
be used to analyze the water required by energy 
development and the impacts on the water resource 
system, and the water energy tradeoffs in pursuing 
or locating energy development at alternative sites. 
The Energy Crisis and Future 
Energy Development 
The major impact man has on his environment 
is related to his desire to extract and use those 
resources he deems important for his survival and 
comfort. This desire to survive comfortably has led 
to the exploitation of natural resources and the 
rearrangement of those resources in a manner 
which will meet this goal. The first basic need of 
man , which implies effort on his part, is for food. 
This is followed by a desire for shelter and many 
other comfort satisfying goals. All of these goals 
require that some energy be expended if they are to 
be satisfied. Since energy must be expended to grow 
food, build shelter, and satisfy other human wants, 
energy becomes a basic commodity in any social or 
economic system attempting to provide for human 
desires. 
Anciently man first used wood as his basic 
energy source. I:rom an historical perspective this 
remained the case until relatively recently. In the 
U.S. wood was plentiful when the colonies were 
first founded and its use as an energy source 
reached its maximum in the United States in about 
1850. Between 1850 and 1900 coal replaced wood 
as the major fuel source. The proportion of energy 
supplied by wood dropped from about 90 percent 
in 1850 to about 21 percent in 1900. However, 
wood is still an important energy source in many 
parts of the world (Wagstaff, 1974). 
Wood was originally used to process iron ore 
to make steel but it was soon found that coal 
delivered much more energy per unit, and replaced 
wood as the major energy source in steel 
production. The advancement of the steel industry 
also served to advance technology and with the new 
machinery manufactured from steel, the productiv-
ity of mines greatly increased. But with the 
advancement of machinery, particularly the 
internal combustion engine, the demand for 
petroleum products also increased. The advance-
ment of the steel and mechanical industries made it 
possible to meet this demand through increased 
exploration and development of crude oil and 
natural gas. This led ultimately to a decrease in the 
percentage of the total national energy supplied by 
coal as illustrated in Figure 1. 
PERCENT 
IOO~~~~~~~~~ 
Figure 1. Changing 801II'CeII of energy, 1850-1960, 
with projections to 2000. Source: Lands-
berg and Schur (1968). 
Although coal production is expected to show 
significant increases in the next few years due to 
recent price increases in the crude oil and natural 
gas industry, the production of coal is not expected 
to remain at this high level beyond the next 10 or 15 
years. Major factors effecting the long term growth 
of the industry are environmental factors asso-
ciated ' with coal mining and health and safety 
problems in mine operation (Shell Oil Company, 
1973), and the development of other energy 
technologies. 
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Presently there is increasing interest in almost 
all types of energy sources. Much of this interest 
has been directed away from the nonrenewable 
resources such as oil , natural gas , and coal, and 
toward renewable sources such as solar, tidal, and 
wind energy. Many of these sources have been 
experimented with on at least a limited scale. 
None. however, seem to hold promise for becoming 
the complete solution to the spiraling demand for 
energy in the near future. 
One source which is in the middle of the 
nonrenewable and renewable sources is nuclear 
energy. Nuclear energy has been a successful 
energy source in the U.S. and many other 
countries, but the nature of this source has brought 
it to the focal point of heated debate in recent 
years. Nuclear energy is dependent on fissionable 
material as a fuel source, which means that it is 
really a nonrenewable resource. However, it has the 
characteristics of being so powerful that it appears 
to be virtually unlimited in supply. As an example 
of the tremendous capability of nuclear fuel, it has 
been estimated that if all the energy from one 
pound of fissionable material were captured it 
would produce as much energy as 3 million pounds 
of coal (Landsberg, 1968). Nuclear power is often 
viewed as the energy source ofthe future because of 
the tremendous energy production per pound of 
material. However, at the present time there are 
engineering problems to overcome and nuclear 
power sources are not widespread, but do exist. 
The increasing demand for energy in the 
United States has been projected to more than 
double in the next 20 years. Figure 2 gives the 
expected energy consumption in BTU's in the U.S. 
to 1990. 
The rapidly changing supply and demand for 
energy in the United States makes it difficult to 
accurately predict future energy uses. But it is 
certain that the people of the United States are 
experiencing the end of low-cost, reliable energy 
supplies. The changes are and will be widespread 
and painful. The three main causes and/ or 
controls of the changes are: (1) The energy 
industry; (2) the federal government; and (3) the 
environmental concerns. 
The energy industry feels that the United 
States is entering a period in which the energy 
prod uced will be short of its demand unless 
resolution is initiated and continued. In searching 
for solutions, it seems that industry is accusing 
government of reducing incentives, cutting sub-
sidies, and meshing industry in a thicket of 
agencies, standards, and regulations, causing 
profits to decline, capital to become scarce, and 
initiative to disappear. Environmentalists are 
150 
TOTAL 
/ 
125 / / 
/ 
/ 
~ 100 / ~ / CD / 
z / 
0 / 
...J 75 / 
...J / a: 
0 
ct 
~ 
a 50 
25 
o~------------------------~------------1920 1930 1940 1950 1960 1970 1980 1990 
Figure 2. U.S. energy consumption 1920-1990. Source: Project Independence (1974). 
accused of creating some unrealistic barriers to the 
exploration , production, and use of energy 
resources needed to maintain the economic health 
and personal living standards of the nation , and 
shunning the "facts of life." On the other hand, 
industry is accused of withholding supplies and 
information on the magnitude of the supplies, thus 
creating shortages, higher prices, and softening 
environmental controls. 
The accusations of the three major controlling 
groups may not be entirely true, but the problem of 
the energy crisis is real. Figure 3 shows that United 
States oil resources could run out in 1998 or last 
through 2075. If Hubbert's (1970) low estimates 
are right , the government needs to place curbs on 
energy demand, speed development of alternative 
energy sources and limit domestic oil production. 
On the other hand, if the high estimates are valid, 
there is plenty of time to develop alternatives. 
. Hubbert derived his prediction, shown in 
Figure 3, from a straight forward statistical 
a.nalysis of past records of discovery and produc-
tlO? ; his underlying assumption was that, given the 
fintteness of conventional oil resources, what goes 
up must come down (Gillette, 1975). 
3 
Principal reasons for the current energy supply 
shortage is not the growing public concern over 
environmental matters. Environmental concerns 
have slowed the installation of some energy projects 
which would have helped reduce the short fall, but 
the delay will provide more time for implementing 
controls to reduce environmental impacts on the 
regions where energy resource development is 
taking place. Implementing the Clean Air Act has 
influenced the supply side of the nation's energy 
picture by forcing shifts at some plants from coal, 
of which there are plentiful reserves , to oil and gas 
which are in short supply. 
Landsberg suggests that expansion of domes-
tic energy capability in the near future will depend 
on: 
1. Establishing effective incentive~ for 
exploration and discovery of oil and gas resources 
as yet unidentified , and for more complete recovery 
of those known and developed. 
2. Bringing into operation acceptable envi-
ronmental safeguards. 
3. Expanding the use of coal within all 
acceptable limits of environmental impacts. 
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Figure 3. Energy use and ultimate "HmIt to powth." U.S. on resource could run out In 1998 or last 
through 2075, depending on whoM .tIm.teI of the total resource prove right. 
For long·term expansion a host of new energy 
technologies can be expected to emerge. These 
include: 
1. Oil shale 
2. Tar sands 
3. Coal conversion 
4. Breeder reactor 
5. Geothermal 
6. Solar 
7. Fusion energy 
Project Independence (1974) suggests that: 
An important lesson of the long-term analysis is 
that we need to develop new energy consumption 
technologies that use electricity rather than gas or oil. 
However, unless new technologies for using electric 
power economically in . transportation and other 
markets not served by electricity are developed, 
electricity will not be able to alleviate our long range 
supply-demand imbalance. On the other hand, without 
a shift to electricity, the growing quantities of shale 
and coal which must be mined and processed will have 
serious environmental impacts. Thus high priority 
should be assigned to those R&D programs that will 
4 
make possible the transition to electricity. 
Numerous other combinations of demand and 
supply options have been evaluated in the long-term 
analysis. They all show the same basic trends: 
• Oil and gas will become increasingly scarce; 
• Shale oil and synthetics from coal, while 
having a limited impact in the near-term, will 
be needed to make up for the long term short-
fall. In any ease, such fuels may determine 
the price of oil and gas late in this century; 
• Conservation, especially when combined 
with shifts to electric power, will become 
imperative in the long-run; 
• Increased reliance on electric power will be 
necessary, and this implieS" dependence on 
nuclear power or other new sources as well 
as improved conversion technologies. 
The West-A National Energy 
Storeho1Ue 
In the face of such staggering energy demands 
the U~ S. will have to ftnd additional sources or cut 
consumption. Additional problems have been 
added to the energy picture with radical changes in 
export-import politics and the increasing need for 
U.S. energy independence. The potential of 
shortages and the political problems associated 
with large imports are putting additional pressure 
on the U.S. to develop all its energy resources for 
both domestic and industrial use. This develop-
ment must be a coordinated effort because the 
supply and demand for energy can be met by 
combinations of the various energy sources. The 
reason is that there is a high substitution effect 
because the basic product of energy-heat-is readily 
usable regardless of the source. Because of this, 
changes in the supply-demand situation of anyone 
energy source will cause adjustments in the entire 
economy of energy production. The energy 
utilization and the linkages which prompt these 
adjustments are shown in Figure 4. 
The western states are viewed as being a 
storehouse for a major part of the energy needed by 
the nation. Although the energy resources of the 
western states are not the only resources in the 
country, development is being encouraged because 
there has been little energy related activity in the 
past due to the remote location of the resources. 
Most energy development has been for local use, 
and presently the west is within 10 percent of being 
self-sufficient. As energy demands increase and as 
supplies become undependable or decrease, there 
is increasing pressure to develop the energy 
resources of the western states. 
The major energy resources of the western 
states are coal, petroleum, and natural gas. There 
are also considerable uranium deposits which have 
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been developed only on a limited basis. Most of the 
energy resources have been developed slowly when 
compared to the same resources in other parts of 
the country. The states of Arizona, Colorado, New 
Mexico, Utah. and Wyoming produced only about 
3.4 percent of the nation's coal in 1969. Yet these 
states have about 2S percent of the estimated 
reserves of the nation (Wagstaff, 1972). Table 1 
outlines the coal and lignite production of these 
states and specifies the type of mine from which the 
coal was taken. 
Coal is the major energy resource of the west 
but there are significant quantities of crude oil and 
natural gas. Table 2 details oil and gas production 
of the western states compared with the production 
for the rest of the country. The energy minerals of 
the study area will be outlined in detail later in this 
study. 
The future of energy resource development in 
the west will most likely be concentrated on 
developments in coal industry initially and then 
shift to uranium if nuclear power becomes 
prevalent. Oil shale, tar sands, and coal conversion 
processes will develop depending on the price of 
end products. Oil and gas development will 
probably increase but it is difficult to predict the 
extent of the development because of the 
uncertainty in finding these resources. At the 
present time. there are plans to build at least six 
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Table 1. Coal and Ugnlte production In the five westem states. (Source: Waptaff, 1972). 
1969 Type of Mine 
State Short Tons UIG Strip Auger Total 
Arizona Negligible 
Colorado 5,530,000 43 9 52 
New Mexico 4,471,000 4 3 7 
Utah 4,657,000 21 21 
Wyoming 4,602,000 4 8 12 
Total 19,260,000 72 20 92 
United States 560,505,000 3,097 1,551 470 5,118 
Table 2. Energy reserves and producdon In the Rocky Mountain states ... 1969. 
Crude Oil (Barrels) Natural Gas (Million Cubic Feet) 
State 
Production Proved Reserves Production Consumption Proved Reserves 
Arizona 3,370,000 1,136 195 ,476 
Colorado 31,937,000 401 ,000,000 118,754 276495 1,596,286 
New Mexico 128,550,000 840,000,000 1,138,133 302,389 14,281,503 
Utah 23,250,000 195,000,000 46,733 123,291 1,090,768 
Wyoming 194,250,000 997,000,000 303,517 112,611 3,937,045 
Sub-Total 381,357,000 2,433,000,000 1,608,273 1,010,262 20,905,602 
Total United States 3,329,042,000 29,632,000,000 20,698,240 20,922,800 275,108,835 
coal fired electric generating plants in the State of 
Utah and a number of others in other western 
states. This is a large development in an area where 
the environment is fragile and environmental 
quality is important for its recreational and 
aesthetic value. 
Energy Development: A Water 
Resource Problem 
Review of water energy 
studies 
Water is used in all aspects of energy 
production including mining and reclamation of 
mined lands, processing, transportation, refining, 
and conversion. Concern has been expressed as to 
whether sufficient water is available in the arid 
parts of the Colorado River Basin to sustain these 
various energy extraction and-conversion activities. 
. Clearly, these arid regions will require economy in 
water use and careful plant siting. 
Figure 5 shows the magnitude of water 
withdrawals for all uses in the U.S. Clearly, 
thermal-electric plants are the leading class of 
6 
withdrawals in the U.S. (Davis and Wood, 1974). 
It is expected that thermal-electric withdrawals will 
continue to grow with the shift to electric power 
that Project Independence calls for. Davis and 
Wood suggest that thermal-electric withdrawal 
should level off considerably because of the 
growing use of closed evaporative systems employ-
ing cooling towers, ponds, or sprayers. The closed 
evaporative system stems 'from the concern over 
thermal pollution of water bodies. Other types of 
developments and new technologies also represent 
"ew potential withdrawals not reflected in this 
current picture. 
Summaries of the water required for various 
energy processes-geothermal electric, nuclear 
electric, fossil-fueled electric, coal gasification, 
coal liquefaction, oil shale, uranium fuel proces-
sing, and oil refining are presented in Chapter V. 
The advent of the energy "crisis, tt and the 
emphasis given to potential contribution of western 
energy resources in alleviating the problem, has 
been the stimulus for a number of "water for 
energy" type studies for the western states. Most of 
these studies support the general finding stated by 
the Water for Energy Management Team (1974): 
From available data, it is obvious that the water 
supply exceeds that which is presently being utilized 
in the Basin (Upper Colorado River Basin). However, 
it is also apparent that the supply is in turn exceeded 
by the presently recognized rights to utilize water 
which has been granted by most the states in the 
Basin. 
These water rights are generally not for energy 
dev~lopment. Thus, while water may be physically 
avaIlable, from the standpoint of institutional 
constraints it may not be usable for energy 
development without legal and economic mechan-
isms to facilitate transfers. 
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A summarization of these studies, presented 
in Table 3, provides a comparison of the committed 
but not yet utilized water for the states of Utah, 
Colorado, and Wyoming in the Upper Colorado 
River Basin and gives a picture of presently 
uncommitted water that could be used for energy 
development. 
Most of these studies use the updated (1970) 
Upper Colorado Region Comprehensive Frame-
work Study 1965 estimated annual depletion. This 
is shown in Table 3 under columns 1 and 2. The 
total remaining water not yet committed is 
summarized as: 
Colorado 
Utah 
Wyoming 
\ ac-ft/year 
12,000 
107,000 
48,000 
From the existing Green Mountain and Ruedi 
Reservoirs and the authorized West Divide Project, 
155,000 acre-feet can be added to the Colorado 
unallocated water increasing their remaining 
supply to 167,000 acre-feet. Additionally, 19,000 
acre-feet of water from the Fontenelle Reservoir 
included in committed future use could be added to 
Wyoming's unallocated share of Colorado River 
Basin water increasing their total uncommitted 
amount to 67,000 acre-feet (Noble, 1974). A 
summary of water allocation for these three energy 
states in the Colorado River Basin is shown in 
Table 4. 
Focusing more specifically on Utah, Figure 6 
(Water for Energy Management Team, 1974) 
shows the results of water for future energy use in 
the Colorado River Basin portion of the state. For 
Utah, a conservative estimate (based on 5.8 maf for 
the Upper Basin) of water available in the Upper 
Colorado River compact is 1.322 million acre-feet. 
Since Utah has to date committed all except 
107,000 acre-feet, it will have to carefully select 
priorities in the ultimate use of the 1.322 million 
acre-feet entitlement (Division of Water Resources, 
1973). 
Given the relatively tight water supply picture, 
the advice of the Water Resource Council (water 
requirements, availabilities, constraints, and 
recommended federal action) is apropos. It points 
out that: 
Before any major shift of water from non-energy use is 
pursued (e_g., agriculture to mining) and analysis of 
both long and short range beneficial and adverse 
effects of this shift to the nation, the region, and 
individual uses should be made. 
Table 3. Comparison of estimates for lfIlter avaUable for enel'lY development In Utah, Colorado and 
Wyoming (1000 Af/yr). 
Sources 
2 3 4 5 
Noble DWR DOl WSWC USGS 
(~) (B) (C) (D) (E) 
UfAH 
Allocated Share 1,322 1,438a 2,124 1,322a 
Unallocated Water 107 223 107 
1970 Use 684 684b 684 
Estimate 1974 Use 825 
Net Evaporation and Salvage 134 134 
Committed· Future Use 
Bonneville Uni t 160 
Jensen 15 
Upalco 10 
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Table 3. Continued 
Sources 
1 2 3 4 5 
Noble DWR DOl WSWC USGS 
(A) (B) (C) (D) (E) 
Uintah 30 
Deferred Indianlands 50 
Irrigation 97c 
M&I 13d 
Export to Wasatch 155e 
Emery County - Huntington 6 
Kaiparowits 102 
Huntington 24 
Thermal Power 132f 
Total Committed 397 397 397 
Estimated Water Energy Development 
Huntington Canyon St. Plant 17 
Kaiparowits/Resources Inc. 45 
North Emery County St. PIt. 13 
Escalante/Garfield County 13 
Freemont/lntermountain PP 45 
(Unknown) Gas Co. Plant 52 
South Emery County St. PIt. 12 
Phillips-Sun Oil Co. (Ua) 9 
White R. O/S Corp. and Others 
Other Utah Oil Shale 37 
Total 388 243 216 
COLORADO 
Allocated Share 2,976 2,976 
Unallocated Water 12g 12a 
1970 Use 1,788 1,788 
Estimated 1974 Use 2,124 
Net Evaporation and Salvage 221 
Committed Future Use 
Frying Pan - Arkansas 70 
Ruedi Reservoir 33 
Bostwick Park 4 
Fruitland Mesa 28 
Savery - Pot Hook 26 
Denver Expansion 215 
Colorado Springs Expansion 6 
Homestake 48 
Englewood 10 
Pueblo 3 
Green Mountain 45 
Hayden Steam Power Plant 16 
Independence Pass Expansion 14 
Animas - LaPlata 112 
Dolores 87 
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Table 3. Continued. 
Sources 
2 3 4 5 
Noble DWR DOl WSWC USGS 
(A) (B) (C) (D) (E) 
Dallas Creek 37 
West Divide 77 
San Miguel 84 
Four County 40 
Total 955 955 
Total Water Required for Energy 
Colony Oil Shale 28 
Umcompahgre Steam Pit. 8 
Hayden St. PIt. Extension 4 
Getty Oil Shale 9 
Union Oil Shale 28 
Occiden tal Oil Shale 28 
Superior Oil Shale 28 
St-Indiana-Gulf Corp. 52 
ARCO-Ashalnd-TOSCO, Others 18 
Craig-Yampa Steam Plants 23 
Northwest Plant Extension 90 
Craig/Slater Cr. St. Plant 10 
Tot,al 326 387 
WYOMING 
Allocated Share 805 805 
Unallocated Share 48h 48a 
1970 Use 304 304 
Estimated 1974 Use 401 
Net Evaporation and Salvage 61 
Committed Future Use 
Cheyenne 24 
Lyman 10 
Savery-Pot Hook 12 
Private Industrial Water Rights 57 
Seed Skadee 274 
Private Irrigation 15 
Total 392 392 
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Table 3. Continued. 
Sources 
2 3 4 5 
Noble DWR 001 WSWC USGS 
(A) (B) (C) (D) (E) 
Total Water Required for Energy 
Utah P&L Naughton St. PIt. 12 
Jim Bridger Steam Plant 30 
Arch Minerals/Sweetwater 30 
Pacific P&L Blacks Fork Plant 8 
Champlin-UPRR Gas Plant 15 
Unvid Oil Shale Tracts 22 
Total 117 405 
a"Utah Division of Water Resources staff generally uses the quantity of 1,438000 acre-feet. The major portion of this 116,000 
acre-feet is reported in a difference of interpreting our obligation for the Mexican Treaty." 
bDept. of Interior Environmental Statement for Prototype Oil Shale Leasing Program, Vol. 1. 
cIn-basin Irrigation Portion of Bonneville, Jensen, Upalco, and Uintah Units, plus deferred Ute Indian land. 
dM&I portion of Jensen Unit. 
eKaiparowits and Huntington Power Plants. 
fBonneville Unit (127 irrigation; 9 M&I; 19 associated losses). 
gFrom the existing Green Mountain and Ruedi Reservoirs and the authorized West Divide Project 155,000 AF/yr can be com-
mitted for future uses. 
Table 4. Water allocations for three ene1'lY .tate. In the Colorado RIver Buln. 
1000AF/yr Net Estimated Water 
CRB Estimated Evap. Required for 
Allocated Unallocated 1974 and Energy Development 
Share Share 1970 Use Use Salvage Committed Low High 
Utah 1,322 107 684 825 134 397b 84 388 
1,43Sa 
Colorado 2,976 12c 1,788 2,124 221 955 326 387 
Wyoming 805 48d 304 401 61 392 117 405 
a"Utah Division of Water Resources Staff generally use the quantity of 1,438,000 AF/yr. The major portion of this 116,000 
AF /yr is reported in a difference of interpreting our obligation for the Mexican Treaty" (Division of Water Resources, 1974). 
b132,000 AF/yr is committed to thermal power. 
c155,000 AF/yr can be obtained from the Green Mountain and Ruedi Reservoirs and the authorized West Divide Project. 
d19,000 AF/yr can be obtained from the existing Fontenelle Reservoir for unallocated water. 
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Need for comprehensive approach 
for enel'JD' and water resGDl'Ce 
development 
With water emerging as a major factor in the 
development of Utah's energy resources, various 
questions need to be answered: Is the supply 
adequate to support proposed development of 
energy resources? What is the most efficient 
combination of developments to meet energy 
production requirements for the region with 
minimum water use? What combination of 
developments' can yield the maximum energy 
production with the water available? 
With the present concern for self-sufficiency in 
energy sources, planning and decision-making on 
water resources programs in connection with 
energy development projects require that compre-
hensive planning for the Colorado River Basin 
must be achieved by engineers and planners 
working closely with decision-makers. public 
utilities, and private companies concerned with 
energy development. In this setting, planning and 
management of water resources and energy 
developments require comprehensive analysis of 
proposals on the basis of their water resource and 
environmental impacts, as well as for engineering 
and economic feasibility. 
Studies to date have primarily taken an 
inventory approach, summarizing possible energy 
projects and evaluating availability of water to meet 
estimated needs. By contrast, this study attempted 
to develop a systems approach and model for 
analyzing water-energy relations. To develop and 
structure the model, a review of the energy resource 
development proposed for the State of Utah and 
the amount of water required by the possible 
processes to be used by the developments was 
undertaken. The review includes currently used 
energy extraction and conversion processes dis-
cussed in technical literature, professional jour-
nals, and other published research on energy 
development. 
In this report a review of the availability and 
commitment of water resources is developed for the 
current situation, and the amount of water 
available for possible energy development under 
various assumptions is defined. Thus, the need for 
water for energy extraction and conversion 
processes can be critically examined for hydrologic 
subregions in the Colorado River Basin. This 
information provides the basic input for a linear 
programming model for examining resource 
allocation for energy and water development. An 
overview of these relations is shown in Figure 7. 
To demonstrate the model structure and 
capabilities, an application has been made to the 
energy resource region of the portion of Utah 
within the Colorado River Basin. The preliminary 
application of the model to the actual study area 
indicates that it can serve as a basis for analyzing 
the conflicts that could arise from various 
alternatives or combinations of water allocation for 
energy resource developments. Also, the model 
application shows that it can be used to evaluate 
the water resources required for specific develop-
ments at particular sites in order to visualize 
cumulative and composite effects and to recognize 
the conflicts and trade-offs that will exist among 
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various development options. Data used in the case 
example are based on good sources, but further 
refinement may be necessary for an actual planning 
study. The results, however, are indicative of the 
magnitUde of problems and solutions. 
The objective of the model is to produce 
information which will allow technical experts to 
make impact assessment of energy development in 
the water resource system. Analysis of impact 
information will aid in the elimination of some of 
the possible conflicts in alternatives. Thus, the 
research will provide a means of organizing 
interrelated data to permit the determination of 
relationships among various alternative energy 
resource developments. In general, the model 
analysis demonstrates how proposed developments 
function by directing attention to the multiple 
14 
possibilities of water use with respect to various 
options. 
The impact of different levels and types of 
energy development on the water resource system 
of Utah must be critically weighted. This requires 
analyzing proposed energy developments and 
assessing the water resources impacts of developing 
or not developing various energy resources. The 
development of such models should contribute 
directly to improvement of the energy development-
water resources planning processes. By clearly 
presenting information to decision-makers, final 
choice among alternative energy developments or 
among trade-offs that imply changes in water uses 
can be made wisely; thus, a high quality decision 
can be made concerning water as a factor in energy 
resource development. 
CHAPTER II 
AN APPROACH TO ANALYSIS OF ENERGY-
WATER INTERRELATIONS 
Water Resource Allocation for 
Energy Development 
The discussion in Chapter I raised two key 
questions with respect to optimal energy and water 
resources allocations: 
1. Which energy sources or deposits should 
be developed in order to meet future 
energy needs? 
2. Which water sources should be utilized to 
supply the needed water for development? 
In the western region the number of possible 
combinations of energy development projects to 
meet desired production levels is large indeed. 
Figure 8 displays some of the possible energy 
extraction and conversion process combinations 
which could be used to satisfy future energy 
demands. The chart is somewhat simplified in that 
each module is represented as a single process 
(e.g., surface mining and oil-shale retorting). In 
reality, there. are many possible strings or 
combinations. For example, surface mining 
includes two processes (open pit and strip mining) 
which are quite different both in their operational 
characteristics and in their water input require-
ments. Also, several candidate processes are 
available for oil shale retorting, such as TOSCO's 
hot solids pyrolyzer and Paraho's internal combus-
tion retort. 
East set of extraction/conversion activities 
basically involve the following processes: 
1. Resource extraction 
2. Processing 
3. Conversion 
4. Distribution 
S. Utilization 
IS 
However, where numerous different extraction and 
conversion process combinations for the energy 
sources are possible, a systematic approach to 
analysis becomes essential. Likewise, the decisions 
as to whether to commit water to one development 
or another, or to shift water from other uses are 
also complex. For such resource allocation 
questions, systems modeling can facilitate the 
analysis of the water resource interrelations with 
the contemplated energy developments, and asses-
sing the water-energy trade-offs between develop-
ing or not developing various energy extraction and 
conversion proecesses at alternative sites. 
A Model for Water· Energy 
Allocation 
The hypothetical water resource and energy 
development situation shown in Figure 9 provides a 
simple illustration of the elements of the system to 
be considered in the formulation of an analytical 
model. . 
Surface water resources are available in the 
stream reaches designated 1 (Right Fork), 2 (Left 
Fork), and 3 (Main Stem). The possible energy 
developments requiring water inputs are also 
designated for both extraction and conversion 
processes. For extraction these include: 
1. Oil (pumping of crude) 
2. Coal mining 
3. Oil shale mining and retorting 
and for conversion: 
4. Coal fired electric generating plant 
S. Coal slurry line 
6. Coal liquefaction plant 
7. Coal gasification plant 
8. Oil refinery 
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Figure 9. Hypothedcal river buln-energy res01lI'Ce development problem. 
For each energy extraction and conversion 
process the possible water allocations from avail-
able sources are shown by the arrows labeled with a 
sUbscript X, for example X37 denotes a possible 
allocation from water source 3 to energy process 7. 
In considering the water-energy allocations for 
this example basin, the problem of ftnding optimal 
combinations of development might be approached 
from two angles: 
1. Getting the maximum net energy output, 
while meeting at least minimum require-
ments for specific usable energy forms, 
within the limits of water and energy 
s~urce availability, or 
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2. Using the minimum amount water neces-
sary to produce required levels of energy 
outputs, again within the limits of water 
and raw energy source availability. 
The form of these two allocation goals suggest the 
formulation of two companion mathematical 
programming problems, with an objective function 
to be optimized (maximized or minimized) given 
certain specified constraints. Structuring the 
problems as general linear programming models 
leads to the following general formulations for 
energy maximization and water minimization 
compared in Figure 10. The structure of the two 
problems is essentially similar with the same 
constraint set types applying to both. 
MAXIMIZE NET ENERGY OUTPUT MINIMIZE WATER INPUT 
Objective Function 
MAX f CP'ij - ~ Lkck~k i=I,2' . I MIN r bjWji, j=I ,2 , . .j 
where 
"tj or k is the water allocation from source i to 
energy deposit j or conversion process k in 
AF 
is a coefficient for the unit energy ou tput e 
of source j or conversion k in BTU/AF per 
unit water 
is a loss coefficient for energy conversion 
process k 
is a subscript denoting a water source 
where 
is energy product j extracted or converted 
in BTU using water source i 
is a t:oefficient for the water requirement per 
unit energy output from process j in AF / 
BT 
is a subscript denoting water sources 
is a subscript denoting energy products 
k is a subscript denoting conversion processes 
is a subscript denoting an energy source or 
deposit 
k is a subscript denoting conversion processes 
P is a subscript denoting an energy product 
output 
i=I,2, ... 1 
r~Cj~j + rrck~k ~ Ep + r~Tjk 
p=1,2, . . . P 
j=1 ,2, . . . J 
subject to the 
constraint sets 
I-Water Availabilities 
water available from source i 
2-Energy Production Levels 
required energy production of 
product output p 
3-Energy Source Availabilities 
availability of raw energy source j 
P 
4-Energy Extraction-Conversion Relations 
where 
is the efficiency of conversion from 
process k 
Tjk is amount of source j required by 
conversion k 
5-Non-negativity 
is a subscript denoting product output 
~ b·W .. " A· J J JI 1 i=I,2, .. 1 
~~W' i ~ Ep + ~ LT'k p=1 ,2, . . P J 1 J J k J 
~Woo "R. 1 JI -] j=1 ,2, . . J 
Woo - ~llkT'k=O Jl J J . k=1,2, . . . K 
Flgure 10. Linear pf'Oll'lUlllllln formulation of energy-water optimization problem. 
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Objective function 
In the maximization problem, the decision 
variable Xij (Xik) is the water allocated to develop a 
particular energy source (conversion), and the 
coefficient C· (Ck) is the energy output per unit 
water input.1-he objective function for maximiza-
tion is written in terms of net energy output Cj Xij 
(Ck Xik) in BTU's. This requires, then, a 
subtraction of energy losses due to conversion 
process inefficiencies. Hence, losses need to be 
expressed in terms of energy output from the 
conversion process. To do this the loss coefficient, 
Lk, is derived in the following way: 
Energy Lossk = BTUin - BTUouts for a 
given proces k ... ... .............. (1) 
. Efficiency 17k = BT out BT . . . ....... . ..... (2) 
111 
Hence, from (2) 
Substituting in (1) 
BTUout 
- BTUout 
11k 
Loss = 
Thus, the loss coefficient is: 
__ 1 -11k 
-1 
Then for a particular conv.ersion process k, with 
energy output given by ckXik, the loss in that 
process can be written: 
(
I-11k 1 
. ~ J Ck~k or LkCk~k 
This quantity is negative in the objective function 
and is deducted from energy production from raw 
sources to arrive at a net energy output. 
In the objective function for minimization of 
water use for energy (bj wij)' the decision variable 
Wij is the le,:el of energy prOduced or converted by 
process j. The coefficient bj is the water input per 
unit energy output. Note that the water energy 
coefficients in the maximum and minimum 
objective functions are reciprocals for any given 
energy production process, i.e .• 
bj = I and of course cj t= o. 
cj 
19 
Water avallabllities 
The water constraints recognize the limita-
tions on the amount of water available for energy 
development in the various river reaches in the 
basin. The constraints are structured so as to be 
addi tive in moving downstream from the upper 
reaches. In this way flows that are allocated 
upstream are ducted from total amounts available 
for development downstream. 
Energy production levels 
The constraints for energy production levels 
insure that the outputs of the various forms of 
usable energy are greater than or equal to the 
amount necessary to meet some specified regional 
or national energy requirements. 
Energy source avallabWties 
The energy source constraints recognize that 
energy deposits are nonrenewable resources which 
are fixed in amount. Since the model is formulated 
to optimize allocations on an annual basis. the key 
limiting factor. then. is the rate at which they are 
exploited. Thus resource availability R is defined 
as: 
Total energy contained in deposit j 
R· =-------------------------
J Anticipated years of project operation 
Energy extraction-conversion 
relations 
This set of constraints accounts for the 
production from raw energy sources that is 
required as input to conversion processes yielding 
other usable energy forms. An example is the coal 
needed to fire a generating plant to produce 
electricity. Since the coal needed for the plant is 
over and above the coal mined for use as a final 
energy form, this increment must be supplied by 
additional coal production. Accounting for ineffi-
ciencies, nk. this constraint th~n assures that the 
additional coal as a resource input (Tjk) to 
conversion process ck Xik (or Wji) is produced. 
Formulation for the example 
river basin 
To illustrate how the objective function and 
constraints are written for a sample case, Figure 11 
presents the formulation for the hypothetical river 
basin of Figure 9. 
ET ENERGY MAXIMIZATIO 
Objective Function 
MAX(BTU) = ci Xli + c2X22 + c2X32 + c3 X33 - L4c4XI4 - LScSXIS 
-LScSX2S - ~c6X26 - LJC7X37 
Subject to 
I-Water Availabilities 
X22 + X2S + X26 
XII + XI4 + XIS + X22 + X2S + X26 + X32 + X33 + X37 
2-Ener~ Production Levels 
ci XII + c3 X33 + c6X26 ;;. EI +T IS +T6S+ T3S crude oil 
c2X22 + c2 X32 ;;. ~ +T2S +T26 +T27 coal 
cSX2S ;> ES + T 54 slurry 
c4XI4 ;> E4 electricity 
c7X37 ;;. E7 gas 
cSX IS ~ ES re fined oil 
WATER MINIMIZATION 
MIN(AF) =b IW II +b4W41 +b9 W91 +b2W22+bSWS2 +b7Wn 
+ b2W23 + b3W33 + bSWS3 
" AI 
b2W22 + bSWS2 + WS2 + b7W6-r A2 
blW l1 + b4W41 + bSWSI + b2W22 + bSWS2 + b6W62 + b2W23 
WII +W33 +W62 ~ E I + TI S + T 6S + T 3S 
W22 +W23 ;;. E2 +T2S +T26 +T27 
WS2 ~ ES +TS4 
W41 ~ E4 
W73 ;> E7 
WSI ;;. ES 
3-Ener~ Source Availabilities 
clXll ~ RI crude oil WII " RI 
c2X22 + c2X32 " R2 coal W22 +W23 " R2 
c3 X33 " R3 shale W33 " R3 
4-Energy Extraction Conversion Relations 
cSXIS - TlS(T IS + T3S + T6S) 0 oil refinery WSI - l'ls(T IS + T 3S + T6S) "' 0 
~X2S -l'ls(T 25) 0 slurry W 52 - Tls(T 25) 0 
c4XI4 - Tl4(TS~ 0 generator W41 -1'l4(T 54) 0 
c6X26 -1'l6(T 26) 0 liquefaction W62 - Tl6(T26) 0 
c7X37 - Tl7(T 27) 0 gasification Wn -Tl7(T 27) 0 
cSX IS - l'ls(T IS + T3S + T6S) 0 refine ry WSI -l'lS(TIS +T3S +T6S) 0 
Figure 11. Model formuladoD for hypothedcal river buln (see Figure 9). 
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AppUcadoD and Tesdng of the Model 
for a Small River Basin 
In order to develop and test the model for a 
simple but real system, a small river basin, the 
Dirty Devil River, a tributary to the Colorado River 
in southwestern Utah, was selected for model 
application. The map of the basin in Figure 12 
shows the stream reaches , energy deposits and 
possible conversion plants. Model variables are 
labeled on arrows showing possible water alloca-
tion, Xij or deposit allocations, Wji' and also 
possible basic energy source flows to conversion 
processes, Tjk' With these variables specified, the 
map provides the schematic basis for structuring 
both the net energy maximization and water 
minimization linear programming problems. 
Structure of the model 
Formulation of the energy maximization and 
water minimization problems are concisely sum-
marized by the matrices of Figures 13 and 14. Each 
column in the matrix represents a variable in the 
_.jparawils 
model structure. The rows represent the objective 
function and model constraints. The entries in each 
matrix are the coefficients of those variables 
appearing in the constraint equations or objective 
function. The coefficients in the matrices, docu-
mented in Chapter V, are those used for the 
application of the model to the Utah portion of the 
Colorado River, as described in Chapter V. The 
matrix representation provides a concise summary 
of the equational structure of the problem. 
The optimal solution for the problem is 
obtained using a standard mathematical program-
ming computer package, in this case the 
Burrough's TEMPO available on Utah State 
University B6700 computer. 
Optimal soludoD 
The optimal solution for both the maximiza-
tion and minimization problems are presented in 
Table S. Recall that the decision variable for the 
energy maximization is water allocation in acre feet 
~ 
o ~tet 
ill.- Power plant 
o Coal 
~ Tar Sonds 
@ ConverlO,on "'roeelles 
CS • Coal Slurry 
L • L iqucfoct ior· 
G • Goaiftcatior 
R 'R.f.~~ 
.~ 
Figure 12. ResolU'Ce map for model applJcadoD to Dirty Devil Rber Basin. 
21 
~ 
Equation 
OBJECTIVE FUNCTION (MAX) 
1. WATER AVAILABIUTY 
Stream Reach #5 
Stream Reach #7 
Stream Reach #4 
Stream Reach #8 
2. ENERGY PRODUCTION 
on 
Coal 
Electricity 
Gas 
Coal Slurry 
Refined Products 
3. ENERGY EXTRACTION -
CONVERSION REQUIREMENTS 
Coal for Generation 
Coal for Uquefication 
Coal for Gasification 
Coal for Slurry 
4. ENERGY RESOURCE 
AV AILABIUTY 
Coal #4 
Coal #2 
Tar Sands #3 
Tar Sands #5 
--
Coal 
#2 
~ 
"s2 X42 
525.7 525.7 
xl09 xl09 
1 
1 
1 
1 1 
525.7 525.7 
525.7 525.7 
Tar 
sands Coal 
#3 slurry r 
X43 X49 
97.86 -18.04 
xl09 x 109 
1 1 
1 1 
97.86 
12.032 
30.08 
97.86 
Electrical 
generation 
..... 
-.... 
X41 X71 
-2 .98 
xl09 
-2 .98 
x 109 
1 
1 
1 1 
1.993 1.993 
1.993 1.993 
4.98 4.98 
VARIABLES 
Coal Coal Coal 
#4 liq. gas. 
X74 X86 X87 
543 . 
x 109 
-217 
x 109 
-1.81 
xl09 
1 
1 I 1 
3.259 
543 
2.715 
5.43 
4.525 
543 
FIpre 13. eoemclent and RHS value. from the eneqy maxlmutlon problem. 
Tar Coal Coal Coal Coal 
Oil sands to to to to RMS 
ref. #5 liq. gas. gen. slurry constraints 
X88 X85 T46 T47 T41 T29 values 
97 .86 
xl09 
10,360 AF 
48,380 AF 
27, IOOAF 
1 1 69,000 AF 
97 .86 48.000xI09 BTU 
-I -I -I -I 7 .200x I 09 BTU 
89 ,690x 1 09 BTU 
3xl09 BTU 
179 ,380x I 09 BTU 
42.99 6.000x I 09 BTU 
·1 0 
-I 0 
-I 0 
-I 0 
51 ,950x I 09 BTU 
807 ,900x I 09 BTU 
34,080x109 BTU 
97.86 600,OOOx109 BTU 
~ 
~ 
Equation 
OBJ ECTIVE FUNCTION (MIN) 
1. WATER AVAILABILITY 
Stream.Reach #5 
Stream Reach #7 
Stream Reach #4 
Stream Reach #8 
2. ENERGY PRODUCTION 
Oil 
Coal 
Electricity 
Gas 
Coal Slurry 
Refined Products 
3. ENERGY EXTRACTION· 
CONVERSION REQUIREMENTS 
Coal for Generation 
Coal for Liquefication 
Coal for Gasification 
Coal for Slurry 
4. ENERGY RESOURCE 
AVAILABILITY 
Coal #4 
Coal #2 
Tar Sands #3 
Tar Sands #5 
Coal 
#2 
.~ 
W25 W24 
.0019 .0019 
x10·9 x10-9 
.0019 
.0019 
.0019 
.0019 .0019 
1 I 
.0019 .0019 
Tar 
Sands 
#3 .. -
W34 
.0102 
x 10.9 
.0102 
.0102 
I 
.0102 
Electrical 
Coal generation 
slurry.~ 
W94 WI4 W17 
.083 .5 .5 
x10-9 x10·9 x10-9 
.5 
.083 .5 
.083 .5 .5 
I I 
I I I 
-2.5 
FIgure 14. eoemclent and RHS values for water mlnlmbadon p~blem. 
Coal 
#4 
W 47 
.00184 
x 10-9 
.00184 
.00184 
I 
.00184 
VARIABLES 
Coal 
Ii 
W~8 
.306 
xlO-9 
.306 
I 
-1.67 
Coal 
gas 
W78 
.386 
x10-9 
.368 
I 
! 
7 
-1.67 
Oil 
f 
W88 
.0232 
x10·9 
.0232 
1 
Tar 
sands 
#5 
W58 
.0102 
x10·9 
.0102 
I 
97.86 
Coal Coal Coal Coal 
to to to to 
lio . 2as. 2en. sl 
T~6 1'47 1'41 T; 
· 1 ·1 -I -\ 
1 
1 
I 
I 
RMS 
values 
10,360 AF 
48,380 AF 
27 ,100 AF 
69 ,040 AF 
48 ,000x109 BTU 
7 ,200x I 09 BTU 
89 ,690x 1 09 BTU 
3xl09 BTU 
179 ,380x 1 09 BTU 
6,000xl09 BTU 
224.227x 1 09 BTU 
0 
0 
0 
51 ,950x109 BTU 
807 ,900x109 BTU 
34,080x109 BTU 
600,OOOxI09 BTU 
Table S. Optimal solution for energy-water LP modell. 
Energy Developed Total Available % Water Used 
Energy Source/ 
Model Varia ble 
{BUTxl09} 
Max Mina 
for Dev. 
(BTUxl09) 
Develo,Eed {AF} 
Max Min Maxb Min 
Extraction 
Processes 
T:S. #5 
Coal #2 
T.S. #3 
Coal #4 
Conversion 
Processes 
Refinery 
Slurry 
Power Plant 
Liquefica tion 
Gasification 
X85 
X52 
X42 
X43 
X74 
X88 
X49 
X71 
X41 
X86 
X87 
600,000 
807 ,900 
34,080 
51 950 
6,000 
89686 
89690 
3 
48000 
403704 
OA 
OA 
51 ,950 
6,000 
89,686 
89.690 
OA 
3 
aDecision variable for water minimization problem 
bDecision variable for energy maximization problem 
(AF), while for the water minimization it is the 
energy development level for the sources. Other 
columns in the table are provided to show a picture 
of the comparative results of the two models. 
Examination and comaprison of the optimal 
solutions can provide a number of insights into 
energy-water development relations. 
For the energy maximization problem, the 
optimal solution indicates the levels and combina-
tions of resources that establish an upper limit on 
development possibilities. Aspects of the problem 
which can be analyzed are: 
1. Whether the total available energy in a 
deposit could be developed or if development would 
be limited by water availability. In the example 
application to the Dirty Devil Basin, Table 5 
shows that water is not a constraint and all energy 
deposits could be developed to their maximum 
potential. 
2. Which water sources should be used for 
development of particular energy deposits or 
conversion processes. When considering the large 
array of possible energy-water development pat-
terns, including deferring water use for upstream 
developments in order to utilize it for downstream 
ones, a water use pattern that will best satisfy 
energy development requirements is not obvious. 
Again referring to Table 5, the Coal #2 could draw 
water from either stream reach 4 (Xa> or 5 (Xsz). 
Likewise, the "power plant" could utilize water 
600,000 ]00 8.0 6130.76 419.63 
807 ,900 100 50·0 1536.8 767.03 
34080 100 100 348.22 0 
51 ,950 100 100 95.67 95.67 
24 
139.55 139.55 
7454 7454 
25700.51 44,845.5 
19297.4 O. 
1.104 
60702 
ADemand alternate capability for minimization 
1.104 
53612 
from stream reaches 4 or 7. In the case of Coal #2 
water is drawn from reach 5 leaving the water in 
reach 4 available for development of the tar sands 
(T#3) and the power plant. The power plant itself 
requires water from both reaches 4 and 7. 
In areas of limited water supply and many 
competing demands, the water minimization 
problem becomes especially impottant in terms of 
efficient use of resources. The optimal solution 
here can aid in selecting energy developments that 
will require the least amounts of water while 
meeting specified energy product needs. Pertinent 
issues to be investigated are: 
1. Which projects and what levels of 
development are needed to meet specified energy 
needs. For the minimization problem, Table 5 
shows that only partial development of tar sands 
(TS #5) and Coal #2 is required. 
2. Which sources and how much water are 
required for development. For example, from 
Table 5, it is apparent that the water in reach 5 
need not be fully appropriated for energy 
development. 
The comparison of optimal solutions for both 
the maximization and minimization problems is 
useful in examining the range of development 
possibilities, and the levels of water and energy 
resource use for maximum development versus 
meeting minimum required levels for energy 
outputs. In this regard it is interesting to observe in 
Table S, that for the total system, there is only a 
difference of about 7000 AF in the water required 
for the energy maximization over the water 
minimization. Further sensitivity analysis on the 
coefficients and the constraints values would 
contribute to further understanding of the degree 
of flexibility in resources allocation for the system. 
Finally, in order to focus on water-energy 
relationships, the study did not undertake the 
development of an objective function on an 
economic basis. Possible approaches here would 
include the maximization of value added in energy 
prod uction processes or cost minimization of factor 
inputs to production. A limited extension of this 
2S 
work is now in progress to develop a product value 
added objective function. 
The description in this chapter has developed 
a basic model formulation and illustrated its 
application in a couple of simple cases. In the 
chapters which follow, the energy and water 
resource picture for the Colorado River Basin in 
Utah is sketched from readily available data 
(Chapter III), and energy extraction and conversion 
technologies and their water requirements are 
outlined based on currently available estimates 
(Chapter IV) . From this background data and 
information, the linear programming models for 
the Colorado River Basin in Utah are formulated, 
optimal solutions are obtained, and 'results are 
~ed. 
CHAPTER III 
ENERGY AND WATER RESOURCES IN THE 
COLORADO RIVER BASIN OF UTAH 
Introduction 
A large share of the energy resources of the 
State of Utah lies within the Colorado River Basin. 
While most of the basin is extremely arid, the 
Colorado River represents a major water resource 
for the state. The potential development of the 
energy sources represents a strong new competing 
use against a water supply already largely 
committed to irrigation, municipal and industrial, 
minerals and mining, fish and wildlife, recreation, 
and aesthetic uses in the basin. This chapter 
presents the energy and water resource setting for 
the basin. Energy sources are located and estimates 
of the recoverable energy presented, as well as the 
location and size of proposed energy conversion 
plants. The water resources of the basin are then 
described in order to define the relation energy 
extraction and conversion sites to the water 
resources system. 
Energy Source and Development 
The eastern part of the State of Utah contains 
almost all of the state's known mineral wealth. 
Especially common in the eastern part of the state 
are those substances of petro-chemical composition 
Po. Mineral fuel production in Utah has been led 
by petroleum. Other bituminous resources such as 
oil shale and oil impregnated rock are thought to 
contain vast amounts of crude oil. Presently the 
recoverability of these other sources of petro-
chemical products are being considered but at 
present only crude oil and natural gas are being 
produced on a commercial basis. Coal is a vast 
Utah resource and is also being produced on a 
commercial basis. 
Coal 
The coal fields of Utah are located mainly in 
the eastern and southern parts of the state and can 
be seen in Figure 15. These coal fields cover 
approximately 15,000 square miles or about 18 
percent of the state. Most of the state's coal mining 
activity is located in Carbon and Emery counties . 
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Henry's Fork Field. The Henry's Fork Field is 
located on the north flank of the Uinta Mountains 
in Daggett and Summit counties. (For detailed 
location see Figure 15.) The field occurs in the 
Mesa Verde group underlying the Frontier 
formation. The beds are exposed along the Green 
River north of Flaming Gorge Dam and vary from 
10 feet to about 1 foot in thickness. The coal-
bearing rocks are broken by faults and locally dip 
as much as 85° south, which greatly reduces the 
quantity and value of the available coal. Thin and 
impure beds of bituminous coal have also been 
observed in underlying rocks of Pennsylvanian 
Age, but these beds also are disturbed by faulting. 
Thin and impure beds of subbituminous coal are 
found in overlying rocks of tertiary age. 
Tabby Mountain Field. The Tabby Mountain 
Field is located on the south flank of the Unita 
Mountains in Wasatch and Duchesne counties also 
in the Mesa Verde group. The beds trend east-west 
for 32 miles and dip south at angles from 20° to 
58°. The thickness of the beds ~anges from 7 inches 
to 28 feet in a stratigraphic sequence of 1,650 feet 
thick. The thickest of these beds is the Fraughton 
which ranges from 15 to 28 feet thick in four 
exposures. The deeper Mancos group of this field 
ranges from 6 inches to 18 feet. All the coal is of 
high volatile C bituminous rank and is mined for 
local use only. The coal bearing rocks of the Tabby 
Mountain field continue eastward through eastern 
Duchesne County and eventually join the Vernal 
field of Uintah County. 
Vemalfteld. The Vernal field lies on the south 
flank of the east ent of the Uinta Mountains in 
Uintah County. The field is divided into eastern 
and western districts. The coal of this field occurs 
mainly in the Frontier sandstone member of the 
Mancos shale. The coal in the Vernal field is of 
high volatile C bituminous rank and is moderately 
high in heat value. Mining has been mainly for 
local use. 
The western district known also as the Keep 
Creek or Uinta River Brush Creek districts, 
_ Detply buried Cr.taceous strata 
D Cr.toc.OI,. outcrops 
FIpre 15. Coal depollulD .. tern Utah. 
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extends from a few miles west of Deep Creek on the 
west side of T35, R19E of the Salt Lake Meridian 
eastward several miles beyond Brush Creek to the 
northwest corner of T35, R23E and includes an 
arc-shaped area on the westward extension on the 
split mountain anticline in T4S , R22E. In these 
areas the coal bearing rocks dip southward in 
angles ranging generally between 15° and 30° but 
are steeper locally near faults and on the crests of 
folds. Many of the coal bearing rocks are broken by 
faults or concealed by younger deposits. Most 
outcrops range from 2 to 7 feet in thickness with 
the most abundant range being from 2 to 4 feet. 
The eastern district extends eastward from the 
Green River to the Colorado state line, and includes 
T5S, R23E and T6S, R's 23, 25 and 25E. The coal-
bearing Frontier sandstone of the Mancos shale, 
and the Mesa Verde group extend across these 
townships, but exposures are poor and little coal is 
visible. However, a coal bed 7 feet thick is present 
about 700 feet above the base of the Mesa Verde 
group in T6S, R24E. The beds in the eastern 
district dip southward at angles ranging from 30° 
to 20°. 
Book Cliffs field. The Book Cliffs form a bold, 
southward-facing, S-shaped escarpment 1,000 to 
2,000 feet high extending eastward from Price 
River into Colorado, a distance of about 140 miles 
measured at the base of the cliffs . This field is also 
divided into east and west halves . The east half is in 
Emery and Grand Counties and the west half is in 
Carbon County. 
In the west half of the field, coal occurs near 
the base of the cliffs in the Blackhawk formation of 
the Mesa Verde group which dips gently north and 
east. The coal-bearing part of the formation is 
about SOO feet thick. A maximum of nine coal beds 
more than 14 inches thick are present in this 
sequence at one locality, and four or five beds more 
than 4 feet thick are present at most localities. The 
coal beds at the west end of the area near 
Castlegate are older than those at the east end near 
Sunnyside. These older beds thin progressively 
eastward and pinch out. Concomitantly, younger 
beds appear higher in the sequence, and these in 
turn first thicken and then pinch out eastward. The 
most important bed in the sequence is the Lower 
Sunnyside bed, which thickens eastward from 
about 2 feet near the west edge of the Wellington 
quadrangle to about 14 feet near Sunnyside, and 
then thins southward and eastward. Most of the 
present mining in Carbon County and Utah is 
concentrated in this bed and in the overlying Upper 
Sunnyside bed in a small area between the town of 
Sunnyside and Horse Canyon near the south edge 
of the Sunnyside quadrangle. This coal is of high 
volatile A bituminous rank and has good coking 
properties. It is , therefore, in demand for the 
manufacturing of coke to supply the western iron 
and steel industry. 
The east half of the Book Cliffs field extends 
generally south from Sunnyside to the Green River, 
then east and northeast to Colorado. The Nelso 
formation contains five coal zones in a strati-
graphic sequence 250 to 410 feet thick but in most 
townships east of the Green River only two or three 
coals of economic interest are present. These coals 
average 2 to 4 feet in thickness. The Chesterfield 
bed is locally as much as 5 feet thick and in the past 
was mined on a small scale near Sego. The coal in 
the east half of the field is of slightly lower rank 
than in the west half and is not suitable for coking. 
Wasatcb Plateau field. In the Wasatch 
Plateau field , Carbon, Emery, and Sevier Counties, 
the coal-bearing Blackhawk formation lies near the 
base of the Wasatch Cliffs , which are a southward 
extension of the Book Cliffs. The formation ranges 
in thickness between 700 and 1,000 feet, and 
typically contains in the lower part 4 to 7 coal beds, 
each of which is of minable thickness over a 
considerable area, though none is continuous over 
the entire field. The Hiawatha bed, the most 
extensive and best known bed in the field, is more 
than 5 feet thick , and locally as much as 20 feet 
thick, over a large area around the town of 
Hiawatha, where it is mined extensively. 
Throughout most of the field the coal-bearing 
rocks dip westward at angles between 1° and 3°. 
Locally, dips of as much as 20° have been noted 
along faults. Three major fault zones that strike 
essentially parallel to the Wasatch Cliffs disrupt 
the strata. All the faults are normal and the fault 
planes are nearly verticle. The coal resources in the 
Wasatch Plateau field are larger than those of any 
other field in Utah. 
Mount Pleasant field. The Mount Pleasant 
field is in Sanpete County on the east side of 
Sanpete Valley and on the west flank of the 
Wasatch Plateau. The coal was discovered during 
World War II in a search for coking coal. The coal 
in this field was inferior to that ot the Sunnyside 
field for coking purposes and is deeply buried 
making recovery difficult. No attempt has been 
made to develop this field. 
SaUna Canyon field. The Salina Canyon field 
is in Sevier County at the southwest end of the 
Wasatch field. The field is readily accessible from 
the west and "is contained in the Blackhawk 
formation. The beds dip 10° to 15° over large areas 
and may be steeper locally: The sequence includes 
three coal" beds that are thick enough to be mined 
and several other beds. The Ivie bed, the lowest in 
the exposed sequence, is 6 feet thick over a 
a considerable area and is considered suitable for 
large scale mining. The overlying Sevier and 
Wilson beds are 2112 to 3 feet thick in most places, 
and are of subordinate interest. The coal is of 
bituminous rank and is relatively high in heat 
value, low in sulfur, and contains low to moderate 
amounts of ash. 
Henry Mountains fteld. The Henry Mountains 
field in Wayne and Garfield Counties is remote 
from means of transportation. Coal in this field 
occurs in both the Ferron and Emery sandstone of 
the Mancos shale on the west side of the Henry 
Mountains. A coal in the upper part of the Ferron 
member is 2 to 6 feet thick including a few thin 
parting to the south end of the basin, and locally 7 
feet thick in a few partings at the north end of the 
basin where it is mined on a small scale for local 
use. Elsewhere it is generally less than 2 feet thick. 
The Emery member includes a zone which is about 
20 feet thick locally and contains coal strata from 2 
to 6 feet thick. The coal is of high volatile C 
bituminous rank. 
KaIparowits P~teau ' field. The Kaiparowits 
Plateau field is in Garfield and Kane Counties. 
Coal occurs in the Dakota sandstone, the Tropic 
fonnation, and the Straight Cliffs sandstone. The 
coal in the Dakota sandstone and the Tropic 
fonnation is generally thin and discontinuous but a 
few minable pockets occur locally. 
Four thick and continuous beds and several 
thin and discontinuous beds occur in the Straight 
Cliffs sandstone in a sequence 300 to 600 feet above 
the base. Bed A, 310 feet above the base, contains 2 
feet 7 inches to 3 feet 3 inches of good coal. Bed B, 
460 to 480 feet above the base ranges in thickness 
from 1 to 20 feet and is typically about 2 to 6 feet. 
The coal is of high volatile bituminous rank and is 
relatively low in ash and sulfur. Construction of 
Glen Canyon Dam has stimulated exploration and 
detailed mapping of the field. 
San Juan field. In the San Juan field in San 
Juan County, coal occurs in short discontinuous 
lenses in the Dakota sandstone. These lenses are 
thick enough to pennit mining on a small scale. 
The lenses reach a maximum thickness of about 2 
feet 10 inches. The coal-bearing rocks are nearly 
flat and are readily accessible. The coal is of high 
volatile bituminous rank, but is typically high in 
ash. 
This discussion does not include several of the 
smaller fields throughout the state. Those fields 
thought to have commercial potential and bearing 
on energy development in the state were described 
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briefly. The recoverability and heat production of 
the coal will have economic and environmental 
implications in the area of development. 
The total coal resource of the state has been 
conservatively estimated to be about 28,378 million 
tons. This estimate includes 28,222 million tons of 
bituminous and 1 S6 million tons of sub-
bituminous . This estimate is thought to be 
conservative because it includes only beds greater 
than 14 inches thick and only includes coals near 
outcrops which are easy to mine. A less 
conservative estimate which would include much of 
the deeply buried coal of the Uinta Basin and 
Wasatch Plateau field stands at almost 100 billion 
tons. 
For purposes of the model coal survey 
quadrangle sheets were used as the basic data 
elements. The specific location of these quad-
rangles are given in Figure 16 and the number key 
and general description of the deposits in each 
quadrangle are given in Table 6. 
The reserves in Table 6 are listed in four 
catagories: 
Class I: Measured reserves based on adequate 
exploration and development data; 
properly correlated; control no more 
than V2 mile apart. 
Class II: Indicated reserves based on geologic 
measurement supplemented by united 
drill-hole information and limited to 
11/2 miles from a control point. 
Class III: Inferred reserves based on geologic 
inference and projection of the habit of 
the coal beyond 1112 miles from control 
points. 
Class IV: Potential reserves based on geographic 
and geologic position with little sup-
porting data, includes coal up to 3,000 
feet of cover. 
The first three reserve classes constitute the 
principal reserve and more nearly reflect the 
immediate potential of a quadrangle or area. Since 
those figures are considered to be the more 
conservative they were used in the constraint 
equations of the LP model in this report. The 
quality of the coal reserves of the state had to be 
delineated in tenns of BTU's to be used in the LP 
model. General BTU values for various coal forms 
are giv~n in Table 7. 
Table 6. OrlglDal Utah coal reserve. Table 6. Continued. 
Quadrangles I and II III IV Principal Total Coal Quadrangle I and II III IV Principal Total Coal 
KAIPAROWITS 30. Castle Dale NW 377.7 377.7 
PLATEAU FIELD 31. Castle Dale SW 24.3 24.3 
1. Basin Canyon 2 32. Emery 3 NW 134.5 134.5 
2. Calico Peak- 33. Ferron Canyon 57.7 57.7 
Horse Flat 1 2 34. Flags taff Peak 392.2 392.2 
3. Canaan Creek 288.0 109.8 1 397.8 35. Hiawa tha NE 466.1 466.1 
4. Carcass Canyon 433.9 195.0 1 629.0 36. Hiawatha NW 764.4 764.4 
5. Collet Top 198.0 271.8 1 469.8 37. Hiawatha SE 110.2 110.2 
6. Dave Canyon 151.0 19.4 1 170.4 38. Hiawatha SW 538 .0 538.0 
7. Death Ridge 169.8 890.4 1 1,060.2 39. Scofield NE 608.8 608.8 
8. East of the Navajo 15.4 12.2 1 27.6 40. Scofield NW 594.7 594.7 
9. Griffin Point 286.6 162.5 1 449 .1 41. Scofield SE 302.6 302.6 
10. Gunsight Butte NE 17.9 1 17.9 42. Scofield SW 461.9 461.9 
11. Gunsight Butte NW 230.2 199.7 1 429.9 43. Soldier Summit SE 462.3 462.3 
12. Gunsight Bute SE 1 Other areas 126.9 126.9 
13. Henrieville 26.4 17.0 1 43.4 Total 6.378.9 3,888.0 6,378.9 10,266.9 
14. Needle Eye Point 195.4 388.0 1 683.4 
w 15. Nipple Butte NE 212.5 59.7 1 272 .2 ~ 
16. Nipple Butte NW 1 
17. Nipple Butte SE 33.3 5.0 1 38.3 
18. Nipple Butte SW 1 BOOK CLIFFS 
19. Paria NW 0.4 1 0.4 FIELD 
20. Petes Cove 122.4 686.2 1 808 .6 44. Beckwith Peak NE 2 
21. Pine Lake 297.0 314.0 1 611.0 45. Beckwith Peak SE 2 
22. Seep Flat 19.2 8.9 1 28.1 46. Castiegate Kyune 567 .0 368.0 127.0 935.0 1,062.0 
23. Ship Mtn. Point 963.0 302.8 1 1,265 .8 47 . Castlcgate Ma tts 
24. Slickrock Bench- Summit 529.4 188.0 717.4 717.4 
Bulter Valley 0.5 0 .5 48. Gunnison Butte W 2 
25. Tropic Canyon 160.0 161.0 321.0 49. Sunnyside NW 196.0 196.0 196.0 
26. Upper Valley 57.3 89.7 147.0 50. Sunnyside SE 358.5 358.5 358.5 
Other areas 6.6 1 6.6 51. Sunnyside SW 123.4 123.4 123.4 
Total 3.984.8 3,893.2 7,320.0 7,878.0 15,198.0 52. Wellington-Minnie 
Maud W 126.9 209 .0 30.0 335.9 365.9 
WASATCH PLATEAU 53. Wellington NE 323.2 206.7 529.9 529.9 
FIELD 54. Woodside NE 399.4 93.6 399.4 493.0 
27. Acord Lakes NE 164.9 164.9 55. Woodside SE 72.0 72.0 72.0 
28. Acord Lakes NW 491.3 491.3 Other areas 265.0 265.0 
29. Acrod Lakes SW 300.4 300.4 Total 2,695.8 971.7 515.6 3 ,667.5 4 ,183.1 
Table · 6~ Continued. Table 6. Continued. 
Quadrangle I and II III IV Principal Total Coal Quadrangle I and II III IV Principal Total Coal 
KOLOB FIELD SEGO FIELD 
56. Cedar Mtn. 202.6 25.7 228.3 228.3 77. Colorado Line 2 
57. Coal Creek 58.8 71.8 130.6 130.6 78. Cottonwood Creek 2 
58. Kolob Peak 50.6 50.6 50.6 79. Floy Canyon SE 17.9 17.9 17.9 
59. Orderville Canyon 80. Floy Canyon SW 2 
NE 99.5 461.7 561.2 561.2 81. Gunnision Butte E 2 
60. Orderville Canyon 82. Sego Canyon SE 9.0 52.9 61.9 61.9 
NW 177.2 177.2 177.2 83. Sego Canyon SW 148.1 57.8 205.9 205 .9 
61. Orderville Canyon 84. West Bitter Creek 2 
SE 158.0 45.5 203.5 203.5 85. Westwater Creek 
62. Orderville Canyon North 7.9 7.9 7.9 
SW 189.8 207.8 397.6 397.6 86. Westwater Creek 
Other areas 265.3 265.3 265.3 South 2 
Total 708.7 1,305.6 2,014.3 2,014.3 Total 157.1 136.5 293.6 293.6 
ALTON FIELD MT. PLEASANT 
~ 63. Alton 102.4 418.2 197.1 520.6 717.7 FIELD ~ 
64. Balk Knoll 142.2 154.5 296.7 296.7 87. Mt. Pleasant 
65. Bryce Point 57.0 54.7 72.3 111.7 184.0 Huntington 
66. Cannonville 2 Reservoir 100.3 148.8 249 .1 249.1 
67. Deer Spring Point 2 Total 100.3 148.8 249. 1 249. 1 
68. Orderville NE-SE 135.3 135.3 135.3-
69. Rainbow Point 71.0 48.6 12.4 119.6 132.0 TABBY MTN . FIELD 
70. Skutumpah Creek- 88. Currant Creek 38.4 38.3 539.2 76.7 615.9 
Podunk Creek 135.9 189.6 79.0 325.5 404.5 89. Raspberry Knoll 80.7 44.7 628.5 125.4 753.9 
Other areas 278.7 278.7 90. Rock Creek 75. 1 75.1 
Total 643.8 865.6 639.5 1,509.4 2,148.9 91. Tabby Mtn . 18.4 324.3 18.4 342.7 
92. Tabi ona 5.3 5.4 60.0 10.7 70.7 
EMERY FIELD Total 142.8 88.4 1,627.1 231.2 1,858.3 
71 . Acord Lake SE 209.2 289.2 381.6 498.4 880.0 
72. Emery East 150.7 181.9 133.1 332.6 465 .7 HENRY MTNS. FIELD 
73. Emery 1 NE 2 93. Caineville 0.8 0.8 0.8 
74. Emery 3 NE 131.8 50.0 181.8 181.8 94. Cave Point 27.4 105.4 27.4 132.8 
32. Emery 3 NWa 72.0 98.2 119.8 170 .2 290.0 95. Cow Flat 4.2 4.2 4 .2 
75. Emery 3 SW 34.8 34.8 34.8 96. Factor Butte NW 22.8 22.8 22.8 
76. Mesa Butte 78.0 78.8 78.0 97. Mt. Ellen NE 2 
Other areas 134.6 134.6 134.6 98. Mt. Ellen NW 4 
Total 676.5 753.9 634.5 1,430.4 2,064.9 99 . M t. Ellen SE 2 
Table 6. Contmaed. Table 6. Contmaed. 
Quadrangle I and II III IV Principal Total Coal Quadrangle I and II III IV Principal Total Coal 
100. Mt. Ellen SW 62.9 19.1 50.1 82.0 132.1 
10 l. Mt. Ellen NW 2 WALES FIELD 
102. Mt. Pennell NE 4 124. Wales 12.2 12.2 12.2 
103 : Mt. Pennell NW 35.5 9.5 103.8 45.0 148.8 Total 12.2 12.2 12.2 
104. Notom NE 4 
105. Notom SE 48.8 52.2 48.8 101.0 STERLING FIELD 
106. Steamboat Point 2 125. Sterling 2.0 2.0 2.0 
107. Wagon Box Mesa NE 4 Total 2.0 2.0 2.0 
Total 202.4 28.6 311.5 230.4 542.5 
HARMONY FIELD 
COALVILLE FIELD 
126. Page Ranch 
108. Coalville 4 Stoddard Mtn. 1.3 1.3 1.3 
109. Turner Hollow 156.0 156.0 156.0 Total 1.3 1.3 1.3 
Other areas 30.0 30.0 30.0 
Total 156.0 30.0 186.0 186.0 LOST CREEK FIELD 
VERNAL FIELD 127. Lost Creek 1.1 1.1 1.1 
Total 1.1 1.1 1.1 ~ 110. Cliff Ridge 3.1 3.1 3.1 
111. Dinosaur Quarry 2 HENRYS FORK FIELD 
112. Donkey Flat 22.7 37.5 60.2 60.2 
113. Dry Fork-Vernal 128. Beaver Creek to 
NE 18.8 18.8 18.8 Burnt Fork 2 
114. Island Park 2 129. Evanston Extension ? 
115. Jensen 2 130. Flaming Gorge 2 
Total ? 116. Jensen Ridge 2 
117. Lake Mtn. 25.4 25.4 25.4 SAN JUAN FIELD 
118. Naples 5.2 30.3 35.5 35.5 
1] 9. Rasmussen Hollow 1.6 3.1 4.7 4.7 131. Eastland ? 
120. Snake John Reef 5.1 5.1 5.1 Total ? 
121. Steinaker Res. GOOSE CREEK-GROUSE 
Vernal NE 18.9 5.5 24.4 24.4 CREEK FIELD 
122. Vernal NE-SE 2 
Total 92.5 84.6 177.1 177.1 132. Goose Creek NE 
Cotton Thomas B 2 
SALINA CANYON Total 
FIELD 
123. Salina Canyon 86.4 86.4 86.4 Utah Total 12,806.7 11,542.8 14,9362 24~495 39,285.7 
Total 86.4 86.4 86.4 
Table 7. BTU value of various grades of coal. Tables 8 and 9 present detailed information on 
the BTU value of coal and the amount of coal 
Type of Coal BTU/lb available. as well as the percentage of that 
Bituminous 13,000 
availability that has been mined. These data are 
Sub bituminous 9,800 tabulated by field. 
Lignite 6,800 
Table 8. Analysis of Utah coal by t1eld. 
Volatile Fixed 
Moisture Matter Carbon Ash Sulfur BTU/lb 
Field and Area ARI AR Dry AR Dry AR Dry AR Dry AR Dry 
Kaiparowits Plateau 
Smoky Mountain area 9 .6 42.5 48.8 8.7 0.75 12,401 
Escalan te area 10.5 45.4 46.8 7.8 1.26 11,563 
Tropic area 19.5 44.4 41.8 13.8 0.98 11,207 
Wasatch Plateau 
North five quads. 7.2 41.4 44.6 45.3 48.8 6.1 6.6 0.64 0.69 12,200 13,147 
Hiawa tha quads. 5.4 42.4 44.8 45.5 48.1 6.7 7.1 0.59 0.62 12,744 13,470 
South eight quads. 8.0 38.2 41.5 47.1 51.2 6.7 7.3 0.56 0.61 11 ,727 12,747 
Book Cliffs 
Castlega te area 4.3 42.6 44.5 46.5 48.6 6.6 6.9 0.53 0.55 12,825 13,402 
Soldier Canyon area 4.8 38.7 40.6 49.4 51.9 7.] 7.5 0.49 0.51 12,531 13,158 
Sunnyside area 5.1 38.1 40.2 50.4 53.1 6.4 6.7 1.09 1.15 ]2 ,648 13,331 
Woodside area 5.5 . 37.6 39.8 50.2 53.1 6.7 7.1 0.70 0.74 12,664 13,399 
Kolob 
Cedar City area 8.2 39.4 42.9 41.8 45.5 10.6 11.6 5.76 6.27 10,492 11 ,426 
Orderville area 12.1 40.2 45.7 36.2 41.2 11.5 13.1 2.21 2.51 10,344 11,771 
Alton 
Alton area 17.0 40.2 50.4 9.4 1.33 12,070 
Skutumpah area 19.3 43.6 46.6 9.8 1.07 10,166 
Cannonville area J 5.8 37.9 41.6 20.5 0.87 8,530 
Emery 7.4 38.0 41.0 45.7 49.4 8.9 9.6 0.99 1.07 11,424 12,338 
Sego 8.9 34.1 37.4 46.1 50.6 10.9 12.0 0.60 0.66 10,940 12,012 
Mt. Pleasant 3.4 42.9 44.4 45.6 47.3 8.1 8.4 0.80 0.83 12,890 13 ,341 
Tabby Mountain 
Frontier zone 19.4 33.5 41.6 36.9 45.8 10.2 12.6 0.70 0.87 8,110 10,065 
Mesaverde zone 14.9 38.2 44.9 40.3 47.4 6.6 7.8 1.00 1.18 9,895 11 ,627 
Henry Mountains 
Emery zone 9.8 36.6 40.6 44.1 48.9 9.5 10.5 0.87 0.96 11,253 J 2,480 
Ferron and Dakota zones 5.3 43.7 46.1 40.3 42.6 10.7 11.3 2.93 3.10 12,486 13,185 
Coalville 12.0 38.6 43.8 44.9 51.1 4.5 5.1 1.32 1.50 10,728 12,187 
Vernal 
Mesaverde zone 12.8 42.7 39.8 17.5 0.80 8,950 
Frontier zone 9.1 39.3 48.3 12.4 1.60 11 ,509 
Salina Canyon 7.6 41.4 44.8 41.3 44.7 9.7 10.5 0.45 0.49 11 ,367 12,299 
Wales 5.0 34.1 36.0 46.2 48.5 14.7 15.5 4.30 4.53 10,119 10,655 
Sterling 8.2 42.6 46.4 43.1 47.0 6.1 6.6 0.90 0.98 1] ,767 12,874 
Harmony 6.7 10.4 11.2 56.2 60.2 26.7 28.6 3.31 3.54 9,123 9,780 
Lost Creek 17.9 27.6 33.6 36.0 43.9 18.5 22.5 0.53 0.67 8,372 10,197 
Henrys Fork 
Mannings Canyon Shale 5.4 35.3 37.3 46.9 49.6 12.4 13.1 2.86 3.02 10,710 11 ,320 
San Juan 3.5 28.2 29.2 47.3 49.0 21.0 21.8 2.90 3.00 10,890 11 282 
35 
Table 9. Utah coal budget. 
Eliminated Principal 
Rese rve x 1 06 by mining x 103 
Field (to ns) (tons) 
Kaiparowits Plateau 7,878.0 83 .0 
Wasatch Plateau 6,378 .9 33 1,603.0 
Book Cliffs 3,667.5 596,571.0 
Kolob 2 014.3 1,940 .0 
Alton 1 509 .4 100.0 
Emery 1,430.4 5469.0 
Sego 293 .6 5 889.0 
Mt. Pleasant 249 .1 
Tabby Mountain 23 1.2 7.0 
Henry Mountains 23 1.0 20.0 
Coalville 186.0 14 147 .0 
Vernal 177.1 836.7 
Salina Canyon 86.4 1 228.6 
Wales 12.2 2,2 17.0 
Sterling 2.0 200.0 
Harmony 1.3 0.7 
Lost Creek 1.1 3.0 
Total 24 349 .5 
OUshaie 
Oil shale is a dense, fine-grained sedimentary 
. rock that is rich in organic material. The shale 
contains little or no free oil that can be extracted by 
solvents or mechanical methods , but appreciable 
amounts of oil can be formed by thermal 
decomposition of the organic matter. This method 
is called retorting. Oil shale resources are 
potentially a large crude oil source, but have not 
been exploited to date. New retorting technology 
and rising crude oil prices are bringing this 
resource within economically recoverable limits. 
The richest and most extensive oil shale beds 
in Utah are found in the Uinta Basin in the north-
eastern part of the state. These shales occur in 
tertiary lakebeds of the Green River formation. 
The formation is exposed on its perimeter; except 
the north side where it is covered by the Uinta 
Mountains. The beds dip toward the central part of 
the basin where the overburden increases in depth. 
Within the oil shale sequence, the highest 
potential oil yield is in the Mahogany ledge. The 
Mahogany ledge is thickest in the east-central part 
of the basin , along an east-west-trending strip near 
the 40th parallel where it may be as much as 2500 
feet below the surface. 
The U.S. Bureau of Mines has assayed the 
shale arid oil yields of samples from the Green 
River formation range from a fraction of a gallon 
per ton to 92 gallons per ton of shale rock. An oil 
shale sequence 15 feet or more thick, which will 
36 
Estimated Percent Remaining Recoverable 
Total Reserve x 106 Reserve x 106 
Recoverability (tons) (tons) 
30 7 877.9 2,363.4 
30 6,047.3 1,814.2 
35 3,070.9 1,074.8 
40 2 012.4 804.9 
50 I 509.3 754.7 
30 1,424.9 427.5 
45 287.7 129.5 
40 249 .1 99 .6 
30 23 1.2 69.4 
45 231 .0 103 .9 
30 171 .9 51.6 
30 176.3 52 .9 
35 85.2 29.8 
30 10.0 3.0 
30 1.8 0.5 
30 1.3 0.4 
35 1.1 0.4 
33 7,780.5 
yield an average of 15 gallons per ton, underlies an 
area of about 3,()()() square miles in the Uinta 
Basin. It is estimated that this sequence has a 
potential oil yield of 320 billion barrels. That part 
of the sequence described above, which is 15 feet or 
more thick and will yield 25 gallons of oil per ton, 
contains 120 billion barrels of oil. This part of the 
sequence underlies an area of 1,200 square miles in 
the east-central part of the basin. (See Figure 17.) 
OU and Natural Gas 
Utah's petroleum refineries can process as 
much as 104,500 barrels of crude oil daily into a 
wide variety of products ranging from aviation fuel 
to stove oil. These products are marketed in Utah , 
Idaho, and Washington, with lesser markets in 
other western states. In addition, crude oil and 
natural gas are sent by pipeline to Texas, New 
Mexico, and California for refining and marketing. 
Some 90 percent of the state is underlain by 
sedimentary rocks that are potentially valuable for 
oil and gas. The other 10 percent of the state is 
underlain by intrusive igneous rocks and Precam-
brian rocks which ordinarily are not considered to 
contain petro-chemical deposits. 
Crude oils are classified as asphalt base, 
napthene base, paraffin base, aromatic and mixed. 
The oils of the different bases can be very thin or 
very thick, vary in color from colorless to amber or 
green or black, and no oils occurring in different 
reservoirs are exactly alike. The industry rates 
crude oil on the basis of its gravity standards. The 
Contour. indicat. thickn •••• in f •• t, of oil 
.hal. av.raoino 25 oallonl p.r ton. 
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lighter gravity oils are more valuable because of 
their use in fuels, especially gasoline. Oils 
containing sulfur compounds are less valuable 
because they are toxic, corrosive to equipment, and 
are more difficult to handle and refine. The 
standard unit of production is the barrel, 
equivalent to 42 U.S. gallons. 
The industry applies the term "natural gas" to 
all gases produced from rock that contains the 
paraffin series of hydrocarbons in dominant 
amounts. Methane is the principal constituent 
along with some ethane, propane, butane, 
pentane, and hexane. Gases such as nitrogen, 
carbon dioxide, hydrogen sulfide, and helium are 
considered to be contaminants of natural gas. The 
standard volumetric unit used by the gas industry is 
million cubic feet (MCF). As well pressure 
decreases during production, some of the gases 
liquefy, forming a condensate which is collected 
separately and marketed as liquefied petroleum gas 
(L.P.G.). Gases are classified as "dry" or "wet" 
according to the amounts of condensates. There is 
a sweet or sour classification based on the absence 
or presence of hydrogen sulfide. The presence of 
nitrogen, hydrogen sulfide, and carbon dioxide are 
detrimental because they cause a reduction in 
heating value and require a higher temperature for 
combustion. However, when any of the gases occur 
in sufficient quantity or purity they are recoverable 
and marketable. Hydrogen sulfide, carbon dioxide 
and helium can all be marketed independently. 
Oil and gas exploration and development in 
Utah was sporadic and relatively unsuccessful until 
it was intensified during World War II. Since then, 
the industry has overcome some management and 
other problems to become a substantial oil 
producing state. The following is a brief description 
of some of the states oil and gas fields. (For 
location information see Figure 18. ) 
The Uinta Basin in the north east corner of the 
state was the site of Utah's first sizable oil field. 
The discovery was the result of periphrial drilling 
on a gas field in 1948. Since then, technology 
improvements have lead to the discovery of oil in 
the Green River formation. Among these dis-
coveries was the noted Redwash field in 1951. Since 
then oil has also been discovered in other deeper, as 
well as some more shallow formations. Of recent 
note is the Altamont Bluebell field which is active 
Table 10. on Reserves of Utah (1,000'. of barrel.). 
1974 
Production 
Greater Altamont 21,898 
Greater Aneth 7,927 
Greater Red Wash 3,364 
Souree : "Oil and G;JS Jou rnal", Janua ry 27 , 1975 , p. 118. 
at present. The oils from the Green River 
formation in the Uinta Basin are generally waxy 
and have a high pour point, solidifying at 
temperatures as high as 130°F. This makes the oil 
difficult to transport and produce. The natural gas 
ofthe Uinta Basin is of good quality except for that 
found in the Entrada sandstone which is contami-
nated with some carbon dioxide and nitrogen. A 
problem with natural gas production in the area is 
the rapid decline in reservoir pressure when the 
wells are placed on flow. 
Paradox Basin is in southeast Utah and 
extends into parts of Colorado, New Mexico, and 
Arizona. The Hemosa formation of the basin is rich 
in organic material originating from a marine 
environment. The marine environment also left 
behind large salt deposits as well as some fine 
grained carbonates. 
Discoveries oe minor oil and gas pockets 
started in 1907 in the Paradox Basin and expanded 
until 1948 when the remote location and other 
circumstances impeded the marketability of the 
gas. The discovery of the Desert Creek and Akah 
fields in 1955, expanded the exploration effort and 
eventually lead to the discovery of the productive 
Aneth field. Exploration north of the Aneth field 
has not been very productive but the Aneth field 
itself appears to have sufficient well pressure for 
sustained yields. 
Some other small fields have been reported 
throughout the state but most are not of economic 
importance. Oil deposits underly much of the north 
western part of the state but are high in sulfur and 
are not considered to be economically recoverable 
at the present time. However, rubber manufac-
turers can use this type of oil. 
The estimated recoverable resources in Utah 
amount to 218 million barrels of oil and 
1,526,140,000 mcf of natural gas. Most of these 
reserves are located in the Paradox Basin. Some 
natural gas deposits also occur in the Green River 
Basin and the Wasatch Plateau-Castle Valley 
area. It is expected that as more geologic 
information becomes available that the deposits in 
the Great Basin can be assessed concerning 
recoverability and quantity. The estimated recover-
able oil resources of the state are listed according to 
field in Table 10. 
Cummulative Estimated Est. Number of 
Production Reserves Wells (1974) 
46 197 228,435 223 
259 554 55,558 403 
90,433 46,541 215 
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Exploration for natural gas in Utah has been 
on a limited basis only for the last several years. 
Many feel that the lack of interest in natural gas 
exploration has mainly been a result of the close 
governmental control of the industry and other 
factors which have held prices artificially. The lack 
of exploration has caused much speculation about 
a natural gas shortage in the immediate future. It is 
estimated that if a full scale exploration and 
development campaign was initiated at the present 
time it could take as long as 15 years before there 
would be an appreciable increase in the amount of 
natural gas available for use. 
Many people in the industry feel that a major 
reason for the decline in natural gas exploration 
and development over the last 15 years has been 
because of regulatory laws controlling the price. At 
the present time the controlled price is about $.35 
per mcf in most of the U. S. The price has changed 
little over the last 10 years until recently. In 
comparison natural gas consumers in the Pacific 
Northwest have been paying about $1.90 per mcf 
for natural gas which is imported from Canada. 1 
Another problem facing the industry is that 
the pricing system outlined by the regulatory 
agencies has not established pricing systems 
which discourage high volume use of natural gas. 
Presently the price structure is regressive with 
special breaks going to the larger commercial 
users. However, recent increases in prices of other 
factors of production and in the wholesale price has 
prom pted a series of several rate changes in recent 
months which are less regressive than historically 
(Mountain Fuel Supply "Statement of Rates," 
April 30, 1975). While the rate structures of the 
natural gas supply companies have not been 
considered to lend to gas conservation, as much as 
would a "straight" or progressive rate schedule, 
major efforts have been made by the companies to 
prevent waste of natural gas. 
The State of Utah is not entirely self-sufficient 
in natural gas production and does import from 
Wyoming. However, all the gas produced in the 
state is consumed in the state except for some 
production in the Four Corners area which is 
exported to neighboring states to the south. For 
location and size of pipelines see Figure 19. Figure 
19 also displays oil pipelines and refineries. Table 
11 gives the size and location of the oil refineries in 
the State of Utah. 
Ipersonal interview with Mr. Campbell of the Utah 
Geological and Mineralogical Survey, 9/15/75. 
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Bituminous Sands 
Bituminous sands or rock asphalts are 
bitumen impregnated porous rocks, such as 
sandstone and limestone. Historically this bitumen 
rich material has been used for road paving and to 
some extent for flooring, roofing, and water-
proofing. Until the recent interest in bituminous 
sands as a potential crude oil source, development 
has been on a small scale and mainly concentrated 
in the Asphalt Ridge deposit in Uintah County 
where many of the county's roads have been paved 
with the substance. There has also been a minor 
development at the Sunnyside deposit in Carbon 
County. The following is a brief description of the 
major bituminous sands deposits in the study area. 
(See Figure 20). 
The Sunnyside deposits are located about 5 
miles north of the town of Sunnyside in Carbon 
County. Individual beds range in thickness from a 
few inches to 350 feet and can be up to several 
thousand feet long. The beds are exposed along the 
outcrop for about 9 miles. The bitumen content of 
the rock is up to 13 percent by weight. It has been 
estimated that those beds bearing 9 percent or 
more by weight represent about 728 million barrels 
of bitumen in place. This deposit was mined up to 
1945 but has not been mined since. 
The Asphalt Ridge deposits begin a few miles 
southwest of Vernal, Utah, in Uintah County. Here 
the outcrop is about 14 miles long and ranges in 
thickness up to 200 feet. The bitumen content is 
estimated to range from 8 to 15 percent by weight. 
The area within I1h miles of the outcrop is 
estimated to include over one billion barrels of 
bitumen in place. Although small amounts of this 
deposit have been used for road paving, there are 
no records of exactly how much has been used. 
The deposits known as PR Springs are located 
on the southeast flank of the Uinta Basin in Uintah 
and Grand Counties. The outcrops are about 120 
feet thick with bitumen content of analyzed 
samples ranging from 6 to 23 gallons per ton. This 
deposit covers an area of at least 100 square miles 
and the amount of oil in place has been estimated 
to be between 4,000 and 4,500 million barrels. 
These deposits have not been mined in the past 
because of their remote location. 2 
2Utah Geological and Minerological Survey. Bulletin 78. 
March. 1964. 
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Table 11. Capacity and locadoD of Utah'. on refineries. 
Calenday Day Stream Day 
Company Location Crude Capacity Capacity 
Amoco Oil Co. Salt Lake City, Vt. 39 ,000 
Arizona Fuels Corp. Roosevelt , Ut. 11 ,000 
Caribou Four Corners Woods Cross, Vt. 4200 5,000 
Chevron Oil Co. Salt Lake City, Ut. 45 ,000 
Crown Refining Woods Cross, Ut. 
Husky Oil Co. N. Salt Lake, Ut. 
Morrison Petroleum Co. woo~s Cross, Ut. 
Phillips Petroleum Co. Woo s Cross, Vt. 
Source: Oil and Gas Journal, Aprill , 1974, p. 104. 
There are several other deposits of bituminous 
sands located throught the eastern part of the state; 
however, exploration is still in progress and is by no 
means complete. Many of the deposits of the state 
have been mapped and estimates made of their 
reserves. Table 12 gives a list of the major deposits 
and an estimate of the oil equivalent in place in 
those deposits. 
Coal Ored electric generating 
plants 
Coal is the major known resource of the State 
of Utah. The coal is mainly low in sulfur, high in 
BTU potential, and generally of high quality. The 
availability of this resource makes Utah, along with 
several other western states, a natural site for the 
location of coal consuming industries. Since Utah 
Table 12. On-Impregnated rock depollts of Utah. 
Deposit County 
Asphalt Ridge Uintah 
Chapita Wells Uintah 
Lakefork Duschesne 
Littlewater Hills Uintah 
Minnie Maud Creek Duschesne & Carbon 
P. R. Spring Uintah and Grand 
Raven Ridge Uintah 
Sunnyside Carbon 
Tabiona Duschesne 
Whiterocks Uintah 
Circle Cliffs (East Flank) Garfield 
Circle Cliffs (West Flank) Garfield 
Tar Sands Triangle Garfield & Wayne 
Ten Mile Wash Grand 
Mexican Hat San Juan 
12,920 
11 ,500 12,000 
1500 
23,000 
147 570 140,620 
is not close to most areas of high energy demand, it 
is usually to the advantage of the energy producer 
to manufacture it on-site then transport it to the 
high demand areas of the county. 
Among the firms planning to increase 
production of electricity in the western states are 
Utah Power and Light, Los Angeles District Water 
and Power, Nevada Power, and others. The plants 
which are in planning stages or under construction 
are Huntington Canyon in Emery County, Factory 
Butte in Wayne County, the Garfield Plant in 
Garfield County, with the possibility of an alternate 
site at Cedar Valley in Utah County, Emery Plant 
in Emery County and the large Kajparowits Plant 
in Kane County. Figure 21 depicts the location of 
the plants and associated power lines. Also there 
are plans for a comparatively small powerplant 
Estimate of Gross Oil in Place 
(Millions of barrels) Measured Indicated 
1,048 435 438 
7.5 to 8 
6.5 to 10 
10 to 12 
30 to 50 
4,000 to 4,500 2,500 1,200 
125 to 150 
3,500 to 4,000 1,250 1,750 
4.6 1.3 1.6 
65 to 125 50 15 
860 420 340 
447 287 90 
12,500 to 16,000 2,300 3,800 
6 1.5 2.0 
.4 to.5 
Source: Utah Geological and Mineralogical Survey, Map 33 - p. 2, Howard Ritzma, Aprill973 . 
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Bureau of Land Management , Stale 
Planning Office, Salt Lake City Utah , 
Feb. 1975 
near St. George in Washington County, but that 
plant will not be discussed in this report as it is 
outside the study area. 
Huntington Canyon Powerplant. The plant is 
presently under construction and will be owned and 
operated by Utah Power and Light. One unit of the 
plant is presently completed. This unit has a 
generation capacity of 430 megawatts (MW's) . 
Another unit of the same size is presently under 
construction. Ultimately the plant could expand to 
1860 MW's. The second unit is expected to be in 
production in 1977 and the ultimate phase is not 
expected to be reached for 10-15 years following 
that date if at all. Utah Power and Light has 
purchased water rights to 14,000 acre feet per year. 
This is expected to be sufficient for all development 
in the forseeable future (U.S. Department of 
Interior, 1972). 
Factory Butte Powerplant. The Factory Butte 
or Wayne County Plant as it is sometimes called 
will be owned by the Los Angeles Water and Power 
Board in conjunction with the Intermountain 
Power Project. The ultimate capacity of this plant 
will be approximately 3000 MW's. It will need 
about 45,000 acre feet of water each year and is 
presently in initial planning stages. Several sites are 
being considered and procurement of sufficient 
water is a major problem (Bureau of Reclamation, 
1975). 
Garfield Powerplant. This plant has had 
serious water procurement problems and has 
considered the possibility of an alternate plantsite 
in Cedar Valley in Utah County and the 
construction of a coal slurry line for the energy 
source. Utah Power and Light will be the owner 
and operator of the plant if it is built. The plant is 
estimated to have a production capacity of about 
830 MW's and water consumption will probably be 
around 14,000 acre feet per year. The plant is to be 
built in two 415 MW units but the on line or 
construction dates for either unit have not been 
announced (U. S. Department of Interior, 1972). 
Emery Powerplant. Utah Power and Light has 
also bought 7,000 acre feet per year of water from 
local irrigators pursuant to construction of the 
Emery Plant in Emery County. This plant, like the 
Garfield Plant, is to be built in two 415 MW units 
which will require about the same amount of water. 
The estimated completion dates for the two units 
are 1978 and 1979, respectively (U. S. Department 
of Interior. 1972). 
4S 
Kaiparowits Powerplant. The Kaiparowits 
project began in 1962 with a coal lease area of some 
46,000 acres in Kane County. Environmental 
studies began in 1970 and have continued to date. 
The project will include a 3000 MW plant of four 
750 MW units , all of which are to be completed by 
1982. Water for the plant is to be pumped from 
Lake Powell and is to be completely consumptively 
used rendering no return flow to Lake Powell or the 
Colorado River. It is estimated that the plant will 
need approximately 45,000 acre feet annually. The 
project will have several participants, each having 
particular energy needs which will be met through 
the project. Table 13 lists the participants and their 
portion of participation. 
Table 13. Kaiparowits project participation. 
Participant 
Arizona Public Service Co. 
Salt River Project 
San Diego Gas & Electric Co. 
Southern California Edison Co. 
Unsubscribed 
% of Participation 
18.0 
10.0 
23.4 
40.0 
8.6 
Source: Kaiparowits Project, Preliminary Draft Environ-
mental Report , Volume I, p . 1-5 . 
The Kaiparowits Project has had some siting 
problems but all the sites considered have been in 
the same general area. A plan to increase the 
capacity of the plant to 8750 MW's has also been 
considered (U.S. Department of Interior, 1972). 
This huge project is expected to have considerable 
impact on the environment and socio-economic 
setting of the area. 
The size the plants will reach when completed 
is not entirely well defined. All the plants are 
scheduled to be built in specific size staging units. 
Each plant could accommodate several or a few 
units as desired by the developing companies. The 
Bureau of Land Management, who furnished the 
information in Figure 21, have chosen the figures 
in Table 14 to be the most likely maximum size of 
the plants. 
Table 14. mtlmate plant size. 
Plant 
Huntington 
Emery 
Factory Butte 
Garfield 
Kaiparowits 
Size (Megawatts) 
1275 
860 
3000 
2000 
3000 
Source: Bureau Land Management, State Planning Office, 
Salt Lake City, Utah, Fe':)fuary , 1975 . 
The figures presented in the foregoing 
narrative may be somewhat different as they were 
taken mainly from the Southwest Energy Study and 
sources other than the Bureau of Land Manage-
ment. This illustrates that there is some variety in 
the exact details of the planned coal fired electric 
generation plants in Utah. There will always be a 
certain range of "speculation" concerning any 
future development. The specific details of the 
prod uction of the plants will become well defined 
as a result of knowledge of the present economic 
and environmental conditions as well as a large 
number of management decisions which can only 
be made by the developing companies when the 
proper time comes. 
Many of the plans concerning the development 
of the plants reviewed above have not been 
finalized and are still subject to influences from a 
variety of sources. The information above could 
easily be changed as economic conditions and other 
variables change. The fact remains that there is a 
rapidly expanding market for electrical energy and 
that the vast high quality coal reserves of the study 
area will likely be developed in a vigorous effort to 
meet the demands of that market. 
Coal gasification, Uquefaction 
and geothermal plants 
Coal gasification and liquefaction technologies 
have become much advanced in recent years. The 
main reason for this is to transport the BTU 
potential of coal reserves closer to the market area 
for electrical generation and other purposes. 
Although construction of gasification and liquefac-
tion plants in the study area have been considered 
none of the developing companies have announced 
definite construction plans. 
Geothermal technology has also become much 
advanced in recent years and has proven to be a 
viable energy resource (Western States Water 
Council, 1974). The environmental impact state-
ments concerning geothermal leases on federal 
lands have been completed and some leases have 
been filed within the State of Utah in the study 
area, as' yet no developers have announced con-
struction plans. It is unlikely that geothermal 
power production will consume water but rather 
will produce it. Although geothermal development 
will not affect water quantity greatly, it could pose 
some water quality problems. 
Water Resources Overview 
Surface water 
Surface water resources of the state have been 
studied and measured for years. Of course, many 
factors affect the amount of runoff that enters the 
streams and the interrelationships of all these 
factors are not fully understood. Thus, the supply 
of surface water in Utah is probably the most 
depended on and the state's least dependable 
resource. Appendix A gives the ten year flow record 
of the major streams in the study area. There is a 
large variation in the amount of water produced by 
a particular stream from year to year. Although 
there are recognizable patterns in stream flow the 
relations that cause the patterns are not fully 
understood. For this reason the arithmetic mean of 
the period of record of a gaging station is 
considered the best predictor available at the 
present time of the expected annual flow in the 
streams and rivers. Figure 22 locates the major 
streams, reservoirs and gaging stations of the study 
area . However, as was noted in Chapter I, the 
amount of water actually allocable for development 
is constrained by present water rights and policy, 
and by water economics. Water estimates actually 
used in the model are documented in Chapter V. 
Groundwater 
The Colorado plateau in Utah is divided into 
three groundwater regions, the Uinta Basin, 
Canyonlands, and the High Plateaus. (See Figure 
23.) Although knowledge of groundwater in the 
eastern part of the state is somewhat limited, each 
of the three regions will be discussed briefly. For 
location of specific aquifers in the study area see 
Figure 24. 
46 
Groundwater in the Unita Basin is most 
plentiful along the southern flank of the Uinta 
Mountains where runoff and rainfall is most 
plentiful. Most of the groundwater presently 
pumped in the Uinta Basin comes from aquifers 
less than 100 feet deep. The aquifers are mainly in 
coarse, shallow, unconsolidated glacial deposits 
which are highly permeable and transmit water 
quite rapidly. In most cases the permeability of the 
material is so high and the aquifers are so shallow 
that pollution from surface sources is possible. 
The deeper deposits of the Uinta Basin also 
contains considerable water but the low permea-
bility of the consolidated sandstone of the 
Duchesne River formation will not allqw high 
yielding wells. Wells in this formation may yield 
water of sufficient quality and quantity for single 
household use but large quantities are not feasible 
without large investments in a great number of 
small, low yielding wells. The deeper Uinta 
formation can yield somewhat larger quantities but 
quality and aquifer scarcity restrict use of this 
water to mainly agricultural purposes. 
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Water in the southern part of the Uinta Basin 
is often scarce and of low quality. This part of the 
basin receives little rainfall and the dip of 
surroundings and underlying formations do not 
lend to aquifer recharge in this area (Horrocks and 
Associates, 1974). 
The Canyonlands region is divided into many 
hydrologic units which serve to drain away most of 
the water received in precipitation. The bedrock is 
covered by a shallow layer of regolith which does 
not provide for good aquifer recharge. In many 
places potential aquifers are void of water because 
of the scarce recharge ability of the lithology of the 
region . Although aquifers in this region are small 
and gnerally low yielding in some structural basins 
northeast of the Henry Mountains water does flow 
under artesian pressure at the land's surface. 
The high plateaus region receives more 
precipitation than the other regions-about 16 
inches per year. This provides for abundant 
recharge by direct infiltration to bedrock aquifers 
and by infiltration from perennial streams that flow 
into the Canyonlands region. However, little water 
is withdrawn from the aquifers when compared 
with the high recharge potential and high yield of 
the aquifers. 
Since groundwater reserves in the basin are 
scarce and little known so far as their potential as 
water supply, groundwater has not been included 
in the model as a possible water source. 
Water concerns and economics 
As large scale energy development becomes 
more imminent in the Upper Colorado River Basin, 
there is increasing concern that the water needed 
by energy related industries cannot be obtained. 
Many fear that full scale energy development will 
have serious effects on the present allocation 
system and that the older, more stable economy 
will be victimized by the new, potentially more 
transient energy industries. 
Whether water will actually be transferred 
from present uses to energy production will depend 
on the ability of the new industries to obtain water 
rights through the various transfer mechanisms. 
Inasmuch as water rights filings on many streams 
exceed average water yields, the question of who 
will gain use of the water in the future becomes 
critical. 
The· market system would make these alloca-
tion decisions based on the efficiency of using a 
SO 
resource in one industry as opposed to another. In 
other words, water resources would be allocated to 
that industry which returns the most for each dollar 
invested in the purchase of that resource. The 
critical question , then, becomes which water users 
can generate the highest net revenue on the 
marginal unit of production for each dollar 
invested in water? If one industry can only produce 
$.10 of net revenue on the marginal unit of 
production while another can efficiently generate 
$10. then the latter can obtain use of the water by 
paying a price $.10 or higher than the present 
price. This means the first user would not be able 
to obtain water if the second user needs all of the 
water supply. 
The question of which users will pay the higher 
prices may be answered by the data in Table 15. 
The table shows the percent increase in the cost of 
energy products if the developers of these industries 
had to pay $200 per acre-foot for water as 
compared to obtaining it free. 
Table IS. Price responsiveness of changes In water 
prices of $200 In potential Utah energy 
related industries. 
Water User 
Coal gaSification 
Coal liquefaction 
Coal fired elect. 
Oil shale 
Coal slurry 
Coal mining 
Cost increase for each unit 
ou tpu t given an increase of 
$200/ac ft in the price of water 
2% -8% 
1% - 6% 
1% -2% 
0.6% - 1% 
2%- 3% 
0% 
Source: John E. Keith, J ay C. Andersen, and B. D. Gardner, 
"Some Economic implications of Projected Water 
Energy Pattern in the Colorado River Ba in " Utah 
Science, May 1975. 
By comparison, agriculture might experience 
an increase in total costs of approximately 400 
percent as a result of a $200 acre-foot increase in 
the cost of water. It has been estimated that 
agricultural users in the Upper Colorado River 
Basin cannot pay more than $25 per acre-foot for 
water (Anderson et at., 1973), and many users 
would go out of business at a price much less than 
$25 per acre. Municipal users have seldom had to 
pay more than $100 per acre-foot for raw.water. If 
the energy developments of the state proceed as 
presently scheduled there will be an impetus to 
transfer water rights from agricultural to energy 
users because of the higher marginal value product 
of water in energy as opposed to agricultural uses. 
CHAPTER IV 
EXTRACTION AND CONVERSION TECHNOLOGIES 
AND THEIR WATER REQUIREMENTS 
Introduction 
Deposits of coal, oil, gas, oil shale, and tar 
sands represent the raw mineral energy resources 
as they occur in nature. In order to utilize these 
resources for society, this raw energy must be 
pulled from the ground and in some cases 
converted to more usable forms that are compatible 
with our advanced technologies. In this chapter a 
brief description is made of various extraction and 
conversion technologies being considered for the 
energy development that will occur in Utah. 
Coal MInIng 
There are three types of coal mInIng: (1) 
Underground, (2) Strip, and (3) Auger. Each type 
is useful on certain types of seams under various 
conditions. However, of the three, only under-
ground and surface mining entail significant water 
use (Stefanko et aI., 1973, p. 14). 
The principal users of water in underground 
mining are spraying for dust control, and cleaning 
to remove as much inert material from the coal as 
possible before burning. The principal uses of 
water in surface mining are coal cleaning and 
revegetation. There is also some water used in dust 
control. 
It is essential that water be sprayed for dust 
control in the mines in order to reduce the 
incidence of black lung and other mining related 
diseases. Spraying and therefore water consumption 
are of greater magnitude underground than on the 
surface. Coal washing is an important process that 
allows the BTU output per pound to be increased 
by eliminating part of the inert portion of the coal. 
Water requirements for washing are the same 
whether the coal is mined underground or on the 
surface. Water for revegetation is strictly a surface 
mining problem and outstrips the washing and 
dust control water combined by 3:1. 
BTU output per gallon of water used varies 
with the volatile matter content of the coal. Each 
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coal deposit will have its own characteristic 
coefficient (Interagency Task Force on Water 
Resources, 1974, p. 1-23 to 1-29). 
Steam Electric Generation 
The steam driven turbine is the most efficient 
means of producing the baseload demand on an 
electrical system. The velocity of the steam passed 
through the turbine determines the rotational 
velocity of the turbine and the generator that is 
coupled to it. To increase steam velocity and 
turbine efficiency it is desirable to create a pressure 
differential across the turbine and preferably a 
vacuum at the outlet side. To achieve this low or 
negative pressure area a condenser is added to the 
outlet side of the turbine which condenses the 
steam and creates the pressure differential. 
Regardless of how the steam is produced (coal, oil, 
gas , or nuclear fission) the need for the condenser 
is there and that requires cooling water. The basic 
cooling systems are: (1) evaporative cooling, (2) 
pond cooling, (3) once-through cooling, and (4) dry 
radiator cooling (Davis and Wood, 1974, p. 3). 
EvaporativecooUng 
Evaporative cooling towers employ a mechan-
ically induced air flow either counter or cross 
flowing the direction of water flow (see Figure 25). 
The volume of air contacting the water aids in 
evaporation and therefore the removal of excess 
heat. The water is cooled enough to be recycled to 
the condenser as shown in the heat flow diagram of 
Figure 26. Water use is approximately 15,000 
af/yr/l,OOO MWC (Western States Water Council, 
1974, p. 25). Wet-dry evaporative cooling would 
cut this water use in half, but it is much more 
expensive in terms of capital cost (Davis and 
Wood, 1974, p. 5). 
PondcooUng 
Where space is available pond cooling is a 
likely prospect. Essentially the water is stored and 
heat is dissipated through surface evaporation from 
l ower type . 'ounterflow cooling tower have water movinl( 
down through the fill , while the air flo \ up . In the au -
flo\ tower the water again i moving own, but the air is 
flo Ing horizonta lly acro the fill. Each of these units hds .. 
fan system in the top of the tower to induce or d raw air 
Ihrough he fill. 1I0wever , th, ' natu l ,. <1r·,n or hy pcrboli" 
,. <ltlng I ,wer functions b air fl u \\ au 'ed by the el"" ' /I \ 
JUt crencL " ," n the 1lI0is' .• 1 in . i. :, th(' ~ I ,- II ano Ilf 
densel Jir uut Id -
Hyperbolic. Tower 
Figure 25. Evaporative cooUng tower types. 
the pond. If the cooling capacity of the pond is 
inadequate sprayers may be used to increase 
evaporation. This will also increase water use. 
Typical water use is 10,000 af/yr/1,OOO MW unit 
(Western Water Council, 1974, p. 25). 
Once through coollng 
Once through cooling is commonly used where 
the plant is near a large and abundant source of 
water. The water circulates once through the 
condenser and is then returned to its source. 
Estimated water use is 3,600 af/yr/1,OOO MW unit 
(Western States Water Council, 1974, p. 25). This 
figure may not reflect all the evaporation that takes 
place down stream. Another problem with once 
through cooling is that the federal government will 
no loner allow thermal discharges after January 1, 
1983. 
Dry radiator coollng 
Dry radiator or air cooling is practiced where 
water is in short supply and the temperature of the 
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Counterflow Tower 
Crossflow Tower 
surrounding atmosphere is sufficiently low to allow 
the proper drop in temperature of the circulating 
cooling water. As shown in Figure 27a, the water 
goes through condensors one and two and then 
through the air cooled radiator which is located 
inside the hyperbolic tower as illustrated in Figure 
27b. The difference in atmospheric pressure draws 
air into the bottom of the tower and ejects it at the 
top. Tower operation is dependent on outside 
ambient conditions and tower construction is 
extremely expensive. Also thermal efficiency of the 
plant is lowered with air cooling. Water use is 
estimated at 2,000 af/ yr / 1,OOO MW (Western 
States Water Council , 1974, p. 25). 
Coal Liquefaction 
No commercial process has been developed in 
the United States for the conversion of coal to 
liquid fuels. However, the Bergius-Farben process, 
developed in Germany, was demonstrated on a 
limited scale in a pilot plant operated by the 
Bureau of Mines. Although technically feasible , 
the process is not economically attractive. Since 
8 .9x109 BTU/HR 
t t 
~ 9.0)(10 
Air Flow Evaporat iop 
And Dr ift - 20 Ft.3/ S 
BTU/HR Condenser 
In-Plont Losses 
0.4 x 109 BT4'HR _ _ C_o.:....:.nd"'-e~n_so_te_  I Return -.-J 
Condenser 
Flow 
1,000 Ft.3/s Make p 
25 Ft. 
Figure 26. Heat balance diagram of typical I,OOO-mw fossU-fueled thermal-electric plant. (Davis and 
Wood, 1974, p.4). 
1962 the Office of Coal Research has sponsored 
research on the conversion of coal to liquid fuels. 
The major projects which have been sponsored by 
OCR are the following: COED, CONSOL, and 
SEACOKE. (Doelling, 1972, p . 565.) 
COED 
The COED process (see Figure 28) involves the 
heating of coal in a series of fluidized beds to 
recover oil, gas, and char (a solid fuel). When coal 
is pyrolyzed (heated in the absence of air) , a 
portion of the coal substance is volatized. Some of 
this volatile material is gaseous under ordinary 
conditions, and does not condense. Most of the 
volatile material evolved from heating coal, 
however, is condensed into a thick, tarry liquid at 
room temperature. When this viscous material is 
heated and reacted with hydrogen at high 
pressures, it is converted (hydotreated) to a 
valuable synthetic crude oil. Approximately 20 
percent of the starting coal is thus converted to oil. 
The non-condensable portion of the volatile 
material driven from coal is rich in hydrogen, 
methane, and carbon oxides. On a commercial 
scale, the hydrogen requirements for hydrotreating 
would be separated , before or after upgrading the 
remaining gas to high purity hydrogen or methane 
(pipeline gas) . Some 15 percent of the starting coal 
on erted to gas. 
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A portion of the solids remaining after 
devolatilization is burned with oxygen to supply the 
heat necessary for processing the coal. The rest of 
the char represents about 55 percent of the starting 
coal. (Jonesetal. , 1971, p. 7). 
The energy outputs of this process are gas and 
syncrude. The gas will be of pipeline quality (1,000 
BTU/ ftl) and the sync rude will be of sufficient 
quality to be a feedstock for refineries (=6xl0& 
BTU /BBL). The predominant use of water is for 
cooling at various stages in the processings. Since 
there is no commercial plant in operation, water 
use figures are estimated in the range of .2AF /yr 
-1.3AF/yr/bpD capacity (Davis and Wood, 1974, 
p. 12). 
CONSOL 
The CONSOL Synthetic Fuel process (CSF 
process) shown in Figure 29 consists of the partial 
conversion of coal into an extract and a by-product 
solid residue followed by the hydrogenation of the 
extract to yield a synthetic crude. Further 
conversion of the crude to marketable distillates 
and the manufacture of hydrogen use commercially 
proven methods. (Consolidation Coal Co., 1973, p. 
2.) 
Air Cooling 
Nuclear Power Station Inside 
The Steel Structure Tower 
Series connection of condensers 
(a) 
(L. Forgo, 1974, p. 5) 
Air Cooling 
With Hyperbolic Concrete 
Towers 
Air 
~ 
Wet Cooling 
With Hyperbolic Concrete 
Towers 
General view of LWR nuclear power station (900 MW) 
with different cooling systems 
(b) 
(L. Forgo, 1974, p. 9) 
Figure 27_ Dry ndlator cooling_ 
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Figure 28. COED pUot plant simplified diagram (Jones et al., 1971, p. 8). 
The extract is taken from the coal after it has 
been mixed with solvent in the extraction step. 
Next the extract goes to the separation step where 
vapor is removed and sent to distillation and the 
heavy fraction is either vaporized and then distilled 
or separated as residue and goes to char storage. 
Off gasses and the char produced from this process 
may be used to meet plant fuel needs . The distillate 
is then hydrogenated and syncrude is the final 
energy product. The syncrude will be of sufficient 
quality to be a feedstock for refineries (==6xl06 
BTU/BBL). (Consolidation Coal Co. , 1973, p. 6.) 
Since there is no commercial plant in 
operation water use figures are estimated in the 
ranges of .2AF/ yr. -1.3AF/yr/BPD capacity. 
(Davis and Wood , 1974. p. 12). 
SEACOKE 
The SEACOKE concept is based on a process 
consisting of the simultaneous, fluidized coking of 
powdered bituminous coal and petroleum resid-
J uum to produce a finely powdered coke, consti-
tuting an efficient fuel (char) for central electric 
generating systems, and useful liquid and gaseous 
hydrocarbons. The concept further specifies that 
the operating plant will be located adjacent to both 
a petroleum refinery and a central electric 
generating station, to provide for the economical 
performance of many service and auxiliary 
functions. 
A diagram of the SEACOKE carbonization 
system is presented in Figure 30. The carbonization 
step of the SEACOKE process showed the yields 
from coal and residuum were not only additive but 
that a synergism had occurred, increasing the oil 
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yield above that obtained from charging coal and 
residuum separately. This synergistic effect also 
resulted in an unexpected high hydrogen content in 
the oil from the carbonizer. Hydrogenation of this 
oil over a standard catalyst produces a synthetic 
crude oil which would serve well in the operation of 
modern refineries . . 
The other major product of the SEACOKE 
process is a finely divided char having a heating 
value of 1,000-12,000 BTU/LB. Other Office of 
Coal Research projects have indicated its suitability 
for use in electric generating stations. 
Additional SEACOKE products include light 
hydrocarbons, water, carbon dioxide, carbon 
monoxide, ammonia, and hydrogen sulfide. The 
remaining gas could be used as fuel or, after 
purification, as feed to a hydrogen generating unit. 
(Atlantic Richfield Co., 1969, p. 1, 2.) 
Since there is no commercial plant in 
operation, water use figures are estimated in the 
range of . 2AF I yr-l. 3AF I yr IbpD capacity. (Davis 
and Wood, 1974, p. 12.) 
Coal Gasification 
As there are no modern design coal gasifica-
tion plants of commercial scale in the United 
States, estimates of water demand must be based 
on research operations, foreign experience, and 
design data of projected plants. (Davis and Wood, 
1974, p.9.) 
Coal gasification research in the United States 
during the past ten to fifteen years has been funded 
by the Office of Coal Research. The processes 
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which were included in the research program were: 
(1) CSG (C02 acceptor) process, (2) BI-Gas 
process, and (3) Hygas process (Doelling, 1972, p. 
564). A detailed description of various gasification 
processes can be found in the Office of Coal 
Research "Evaluation of Coal Gasification Tech-
nology Part 1, Pipeline Quality Gas." 
CSGproceu 
The CSG process utilizes fluidized bed 
gasification of lignite with recirculating acceptor 
material (limestone or dolomite) which provides 
he'at for the steam carbon reaction (Doelling, 1972, 
p.564). 
Referring to the process diagram of Figure 31, 
it can be seen that the lignite is fed into vessel 
D-201 where it is devolatized. The gasification 
actually takes place in D-202 where the dolomite 
not only supplies the reaction heat but also absorbs 
the CO2 and H2S which eliminates the need for an 
oxygen plant and simplifies the purfication steps. 
The dolomite is regenerated in D-203. 
Simplified Flow Diagram 
of Gasification Section of 
Rapid City Pilot Plant 
Make Gal Out 
Dry Preheated 
LiQnite Feed In 0.. .... -0---0 ..... 
Steam and Recycle Gas In 
0-201 - DEVOLATILIZER 
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Tran,port Transport 
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Coal and Char ~ .... ~ 
Gas O"IV 
.. 
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t+ 
++ 
t+ 
!+ 
!+ 
~+ 
t+ 
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+ I 
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Figure 31. SlmpUfleci Dow dIqram of palflcatlon Metlon of Rapid City pUot plant (C1Il'I'IUl and Gorin, 
1968, p.S). 
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The CSG process will produce pipeline quality 
gas (::::1000 BTU/ft3) but operates only on lignite 
and possibly on non-caking coals. 
Water requirement estimates vary substan-
tially due to process design assumptions (water 
cooling can vary from 90 percent to 15 percent of 
cooling operations). As a result, the federal govern-
ment adopted a corresponding range of water use 
for gasification plants, 175-1134 gallMSCF (Water 
Resources Council, 1974, p. 22). 
BI-GAS process 
The two stage super pressure gasification 
process produces high methane content synthetic 
natural gas from coal , steam and oxygen. Sulfur in 
the coal is recovered as a by-product for its 
commercial value and except for the ash t the coal is 
completely consumed. No by-product char is 
produced (Air Products and Chemicals Inc., 1971, 
p.6). 
Referring to the process diagram of Figure 32 
pulverized coal is fed into stage II of the gasifer. It 
is then mixed with the hot synthesis gas rising from 
stage I. The coal is heated amost instantaneously 
and devolatization occurs which produces methane 
and char. The char will react with any hydrogen 
present and produce more methane. The gas leaves 
stage II and the char is separated and fed back to 
stage I where it is prepared for reaction in stage II. 
The slag leaving the process is only ash. The 
BI-GAS process will produce pipeline quality gas 
(::::1000 BTU/ ft3) and produces no residue other 
than ash. 
Gas 8 
1700° F I 
• 
100 Ib Maf 
Coal 
1.3 t<>/o H2O 
260° F 
Stage 2 
• 
Stage 
I 
2700 
OF 
Slog 
27000F 
Heat Loss Char 
II 15°F 
___ A 
Oxygen 800 of 
Steam 1200 of 
Figure 32. Bale flow diagram for two-ltage luper-preaure lalflcadon of coal. (Ak Product and Chemi-
cals, Inc., 1971, Appenclli, p. 8). 
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Water requirements vary due to process 
requirements and plant design. In the BI-GAS 
process it can be seen that some water is required to 
be fed with the coal (see flow diagram). However 
the largest requirement of water will be cooling and 
this varies with plant design (water cooling can vary 
90 to 15 percent in the total plant cooling 
operations). As a result, the federal government 
adopted a corresponding range of water use for 
gasification plants, 175-1134 gal/MSCF (Water 
Resources Council, 1974. p. 22). 
Bygas process 
·There are three hygas processes which use 
essentially the same gasification steps, but use 
completely different processes to produce hydrogen 
gas and carbon monoxide. Only the steam-oxygen 
process will be discussed here. A description of all 
three processes can be found in the Office of Coal 
Research "Evaluation of Coal Gasification Tech-
nology Part 1, Pipeline Quality Gas." 
Coal 
Pretreatment 
Ground , dried coal is heated to prevent caking 
and is then slurried with a process by-product oil 
and pumped to the hydro gasification reactor. (See 
Figure 33.) In the hydro gasifi~r the oil flashes and 
the coal passes through two hydro gasification 
stages where it reacts with hydrogen-rich gas and 
steam to form methane, H2, CO, CO2 H2S, and 
some oils. The gas is then passed through the 
conventional post gasification processes. The hygas 
process produces pipeline quality gas (::::::1000 
BTU/ ft 3) and the residue char and off gases are 
burned in the plant. 
Water requirement estimates vary substan-
tially due to process design assumptions (water 
cooling may vary from 90 to 15 percent of the total 
cooling operations). As a result the federal 
government adopted a corresponding range of 
water use for gasification plants, 175-1134 gall 
MSCF (Water Resources Council, 1974, p. 22). 
Steam 
Steam 
t----r------+-t Water Gas Shift 
Conversion 
To Fuel 
r:-----, 
'------4' Hydrogen : 
I 
Production I 
~ __ 1 
Steam 
Figure 33. Flow diagram for processes with coal hydro gulOcadon followed by upgrading methanadon. 
(C. Y. Wen, 1972, p. IV-8). 
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Post gasification steps 
The post gasification steps of the processes are 
all similar. The raw gasses go through: (1) shift 
conversion, (2) purification and (3) methanation . 
Shift conversion consists of upping the H2 to 
CO ratio to approximately 3: 1 for efficient 
methanation. 
Purification consists of removing H 2S and 
CO2, Sulfur is recovered as a by-product and CO 2 is 
vented to the atmosphere. 
Methanation is the conversion of the low BTU 
gas (Hz) to methane by combining it with carbon 
from DO to a catalyst bed. 
These processes require water for gas purifica-
tion and water for cooling. The major water. 
consumption for gasification is in cooling. 
Coal Slurry Pipelines 
The coal slurry pipeline was ftrst demon-
started in 1890 at the Columbia World's Fair. 
Since then slurries have operated successfully in the 
Saarbrucken region of France, one in the Eastern 
United States , one in Black Mesa, Arizona, since 
1970. 
In the the slurry process coal is mined, stock 
piled, and cleaned as in any normal coal operation. 
(Refer to Figure 34.) It is then pulverized and 
mixed with an equal volume of water and pumped 
to the load center where the coal will be used. 
Pump stations along the pipeline keep the slurry 
moving over the distances involved. At the 
terminal end of the pipeline the coal is dewatered 
and can be used for any purpose desired. 
Transportation of coal is extremely econom-
ical by pipeline as com pared to rail and requires a 
COAL SUPPLIER .,. PIPELINE SYSTEM 
SLURRY 
MINE 
• PREPARATION 
1IIIIIIIr-, TANKAGE 
(. 
STOCK PILE COAL CLEANING 
WATER SUPPLY 
PIPELINE SYSTEM .1. COAL BUYER 
DEWATERING 
PLANT 
, 
Figure 34. Schematic of slurry plpeUne s,stelb (Montfort and Wasp, 1974, Exhibit IV). 
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POWER PLANT 
BARGES 
significantly smaller work force. It also allows the 
conversion to take place at the load center which, 
in view of the by-products of some conversion 
technologies, would be much more efficient than 
moving these by-products to a location where they 
could be utilized. 
Water use in the slurry is much less than 
other conversion technologies that would exist at 
the mine mouth. This allows a smaller water use in 
water short areas and the transportation of coal to 
areas where there is sufficient water for conversion 
processes. Slurry water at the terminal end can be 
reused so there is no loss of water (Montfort and 
Wasp, 1974). 
on and Gas Production 
It would seem that conventional oil and gas 
production would require no water at all other than 
water for the employees. However, in order for oil 
and gas production to increase or even be 
maintained at present levels it is mandatory that 
new wells be drilled. Also, when production from 
an existing well begins to drop, secondary recovery 
procedures are begun. These operations, drilling 
and secondary recovery, are the principal water 
consumers in production. 
It is estimated that each foot drilled requires 
100 gallons of water. Although quality restrictions 
exist and a high TDS can disqualify a water from 
use, the water need not necessarily be fresh water. 
Water quality is also a limiting factor in the 
recycling of water for drilling. Based on production 
of oil and gas and the ratio of prod uction to 
drilling, water requirements are estimated at three 
gallons per barrel of equivalent oil and gas 
produced. 
Secondary recovery involves the injection of 
water into the ground in order to boost production 
in a flagging well. Injection requirements involve 
between 8-20 gallons of water per barrel of oil 
prod uced. Secondary recovery will constitute Yl of 
oil production between 1977 and 1985. 
Utilizing information on drilling requirements 
and secondary recovery, it is estimated that 17 
gallons of water will be required per barrel of oil 
production (Interagency Task Force on Water 
Resources, 1974. p. 1-29 to 1-32). 
One other factor to be considered is the gas 
processing plant. The gas is processed to remove 
heavier hydrocarbons and prevent condensation 
and the subsequent formation of liquid blocks in 
the lines. Usually ethane, liquid propane, liquid 
butane, natural gasoline, hydrogen sulfide, and 
carbon monoxide are removed. C.urrently tech-
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nology is either cryogenic (1.67 gal/1000 ftl) or 
adsorption refrigeration (4 gal/l000 ftl). Obviously 
the cryogenic design will be used in the interest of 
water conservation. (Interagency Task Force on 
Water Resources, 1974, p. 12 and Project 
Independence, Interagency Task Force on Water 
Resources, 1974, p, 1-12, 29-31.) 
on Shale 
There are tremendous resources of oil locked 
up in oil shale deposits of Utah, Colorado, and 
Wyoming. The major problem in extraction of this 
oil is the economics of processing when compared 
to other sources of oil and other relative costs. 
Twice oil shale booms have been stopped short 
because a cheaper source of crude was located. 
However, due to rising costs of crude and a desire 
for energy independence, work is going forward on 
oil shale extraction. 
The Project Independence report states that 
there are three basic types of oil shale production 
technology. These include: 
1. Underground mining with the Tosco II or 
Paraho retort. 
2. Surface mining with the Tosco II or Para-
ho retort. 
3. Underground mining with in-situ retort-
ing. 
Before retorting technologies are discussed, a 
brief review of the mining procedure is appropri-
ate. Surface mining will necessitate the stripping 
away of overburden then mining the shale. The pit 
will be left open to accomodate the disposal of the 
spent shale and then the overburden will be 
replaced. Underground mining will be done by the 
room and pillar method. The mine will later be 
filled with spent shale and then closed. Mining for 
the in-situ process will consist of the sinking of 
vertical shafts into the deposit to be retorted. Spent 
shale cannot be completely replaced into the space 
it was taken from. Therefore, with any type of 
surface retort there will be the problem of spent 
shale disposal even if spent shale is returned to the 
mine or the pit. 
Toscoll 
To obtain oil from oil shale the shale must be 
heated to about 900 degrees F in order to convert 
the kerogen in the shale to gas or oil vapors. The 
Tosco II process (refer to diagram of Figure 35) 
does this by preheating crushed shale (minus 1/1 " 
shale) to SOOoF and then mixing it with 1200°F 
ceramic balls in a pyrolysis drum. There the shale 
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Figure 35. TOiCO n process (Hendrickson, 1974, p. 59). 
is heated to 900°F + with out oxygen present. The 
balls and spent shale are separated by a trommel in 
the accumulator while the kerogen vapors are sent 
to the fractionator. Here it is condensed and then 
sent to a hydrogenator for upgrading to refinery 
feedstock. Off gases are burned to heat the ceramic 
balls. The spent shale is quenched with water and 
is ready for compaction. The balls are returned to 
the ball heater to continue the cycle (Hendrickson, 
1974, p. 56). One advantage of the process is that 
no combustion takes place in the retort and 
therefore more kerogen would be recovered. The 
process will produce oil that is acceptable as 
refinery feedstock after hydrogenation. 
Major water uses are crushing, mining, 
quenching spent shale, and condensing gas. Tosco 
II is still in the semi-works stage. 
Paraho process 
The Paraho process utilizes a vertical kiln to 
retort shale. (See the diagram of Figure 36.) 
Crushed rock between t;2" -5" is fed into the top of 
the kiln and leveled by a rotating spreader. A set of 
patented moving grates at the bottom regulates 
flow through the kiln. Off gases from the process 
are injected into the kiln at intervals and their 
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combustion heats the shale to the necessary 
temperature for retorting. Vaporized kerogen flows 
upward through the kiln where it is taken to the oil 
recovery unit through the vapor collecting tubes. 
The kerogen is actually vaporized near the bottom 
of the kiln and as the vapor moves upward there is 
a transfer of heat from the kerogen vapor to the 
cooler shale mass that is being heated as it passes 
through the kiln. The vapor is partially cooled by 
the heat transfer to the cooler shale but it is further 
cooled in the recovery unit. It is then hydrogenated 
to raise it to the quality of syncrude. The spent 
shale that exists through the grates is cooled and is 
then ready to be replaced in the mine or compacted 
. in a land fill (Hendrickson, 1974, p. 62). 
The major water uses are crushing, mtntng, 
quenching spent shale and condensing gas. Paraho 
is working toward the full works stage, but as yet is 
not in commerical operation. 
In-situ processing 
In-situ processing is the retorting of shale in its 
existing formation. In-situ processing would 
eliminate most of the mining involved in oil shale 
recovery and would eliminate the problems of spent 
shale disposal. 
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Figure 36. Verticalldln of Paraho design retorting coanely crushed on shale (from 1973 Annual Report of 
the Standard on Company of Ohio, Hendrickson, 1974, p. 64). 
The process consists of mining a room that 
creates the void volume needed in the shale bed to 
be retorted. Then timed explosives are set off, 
shattering the shale so that it fills its original 
volume and the void volume evenly. Connections 
are then made to both the top and bottom of the 
shattered shale bed and retorting can begin. Air is 
circulated into the shale and combustion is begun 
at the top of the shale. The heat of combustion 
retorts oil from the top shale, produces off gases 
and deposits a residual carbon on the shale. The 
carbon becomes part of the combustion fuel and 
the gas is recirculated to control the oxygen 
concentration and can be used as an additional 
fuel. The retorted oil flows to the bottom of the 
retort where it is collected in a sump and pumped 
to the surface. There it is hydrogenated and sent to 
a refinery . (Ridley, 1974, p. 21.) 
Water requirements of this process are merely 
the hydrogenation process and some cooling. 
Garret Research and Development is working on 
this process but as yet it is still an experimental 
process. 
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Tar Sands 
"Tar Sands" is a term applied to a number of 
rock varieties that contain some form of bitumin-
ous material. "Tar Sand" as used in this assess-
ment refers to consolidated or unconsolidated 
rocks with interstices that contain very viscous to 
solid bitumen which, in its natural state, cannot be 
recovered by primary petroleum production 
methods." (Bureau of Mines, 1974, p. 6.) 
Currently there are two companies in Utah 
with patents on processes that recover oil from Tar 
Sands. They are the Arizona Fuels Corporation 
and the Fairbrim Company. The Bureau of Mines 
is also conducting experiments with in-situ recovery 
of oil from Tar Sands by reverse combustion. 
Arizona Fuels process 
The Arizona Fuels process and the Fairbrim 
process are similar. The Arizona Fuels process will 
be described since they are going ahead with a pilot 
plant. In this process the ore is fed into the top of a 
cylindrical vessel where it is heated. ' After heating 
the ore drops into a vessel where separation of oil 
from minerals takes place by flotation. The 
separated bitumen is taken to other tankage where 
final separation of oil from water takes place while 
the sand residual is stacked for eventual return to 
the open pit. Water requirements are approxi-
mately V2 barrel of water for every barrel of oil 
produced. 
This process will produce a crude that is of 
sufficient quality to act as a feedstock for 
conventional refineries. One drawback of this 
process is that it requires open pit mining whereas 
in-situ recovery requires no mining at all (Sohio, 
1974, p. 4). 
In-situ recovery 
In-situ recovery offers the advantage of tar 
sand oil recovery without the problems of mining 
and revegetation. Referring to the process diagram 
in Figure 37 air is injected into a well and moves 
through the Tar Sand formation in a direction 
opposite that of the flow of air controlled by the air 
flux and the combustion temperature. The 
vaporized hydrocarbons and combustion products 
flow away from the combustion zone in the same 
direction as the air through the hot previously 
burned formation to the producing well. From 
there it is pumped to the surface where it is cooled 
and separated into oil, water, and gas. The water 
can be treated and used for cooling or reinjected 
later. The gas can be used to power the pumps or 
vented and the oil would be of sufficient quality to 
be used as feedstock in a refinery. Fifty percent of 
the oil in the ground is recovered while forty 
percent is deposited as coke on the sands of the 
formation and ten percent is consumed in 
combustion. 
Water is used solely in cooling the product 
stream and as yet there is not firm estimate of use. 
However, it is expected to be negligible in compari-
son to other uses (Bureau of Mines, 1974, p. 9). 
OUReflnlng 
Crude oil as it is found in the field has no 
application to our industrial society. Rather it is an 
environmental problem when it is split. However, 
when crude is refined it is broken down into usable 
prod ucts which can be consumed by our technolog-
ical society. 
.Refining combines several processes that 
remove impurities and breaks it down into usable 
products. As shown in Figure 38 these processes 
are: desalting, fractionation, cracking, hydro-
carbon rebuilding, hydrocarbon rearrangement, 
6S 
hydro-treating, and drying and sweetening. A 
general refinery discussion can be found in the 
Engineering Science Inc. 1975, Report for the 
National Commission on Water Quality. 
Desalting 
In this process inorganic salts, suspended 
solids and certain poisons such as arsenic are 
removed. The removal of these constituents from 
the crude increases the efficiency of the other 
processes by decreasing down time for cleaning and 
maintenance. Desalting can be accomplished by 
adding water and chemicals to the crude and then 
separating the oil from the water which now 
contains the impurities emulsified by the 
chemicals. 
Fractionation 
This process is the basic refining step for 
crude. In fractionation the crude is separated into 
various vapor pressure (boiling point) ranges. This 
process is also often referred to as distillation. 
The desalted crude is heated and then sent to 
an atmospheric fractionating tower where the 
vaporized distillate undergoes fractionation in a 
gasoline cut. Other distillate side cuts may include 
naptha, kerosine, light diesel oil, and heavy diesel 
oil. These cuts are dependent on the nature of the 
crude. The gasoline goes to a stabilizer where it is 
purified and propane, methane and butane are by-
products of this purification. The remaining 
reduced crude goes to a vacuum fractionation 
tower where it is separated into heavy gas, oil and 
deasphalting feedstock. 
Cracking 
Cracking is the process which reduces crude 
into desired products (usually gasoline). There are 
three main cracking processes: thermal cracking, 
catalytic cracking, and hydrocracking. 
Essentially all these processes break or split 
the long chain hydrocarbons to obtain the short 
chain hydrocarbons. These processes all require 
heating of the oil to a cracking temperature or a 
temperature at which the reaction will take place 
for the given process and then fractionation of the 
products. Each process is more efficient for a 
specific feedstock. 
Hydrocarbon rebuilding 
Olefins and isoparafins are converted to high 
octane gasoline by either polymerization or 
alkylation. In either process the feedstock is heated 
in the presence of a catalyst under controlled 
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Figure 37. Recovery of on from tar sand by revene-combustlon (Bureau of MInes, 1974, p. 10). 
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temperature and pressure. The products go to 
catalyst recovery and then to fractionation. 
Hydrocarbon rearrangement 
Isomerization and reforming are the major 
processes. These processes take refining by-
products and raise them to high octane gasoline. 
These processes have essentially the same steps as 
hydrocarbon rebuilding, only the catalysts and 
feedstocks differ. 
Hydrotreadng 
This process is used principally to saturate 
olefins with hydrogen and to remove sulfur, 
nitrogen and oxygen compounds from crude oil 
fractions. The crude feedstock is mixed with 
hydrogen, heated and then fed to the catalytic 
reactor. The reactor effluent is cooled then 
products and impurities are separated. 
Drying and sweetening 
There is a wide range of processes under this 
heading, but they all .generally remove sulfur 
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compounds, improve color, odor, oxidation sta-
bility, and inhibitor response. By removal of sulfur 
compounds, the gasolines react more efficiently to 
tetraethyl lead which is used to raise the octane. 
The major processes are: (1) oxidation of 
mercaptans to disulfides; (2) removal of mer-
captans; and (3) destruction and removal of other 
sulfur compounds along with mercaptans, hydro-
gen sulfide and sulfur. Method (3) is accomplished 
with salt filters. Gravitational settling is used to 
separate the product from the treating solution 
(Engineering Science Inc., 1975, p. 11-43). 
Other refinery processes not described are: 
asphalt production and lubrication oil finishing. 
Major water uses in the refinery are process 
water and cooling water. The process water has 
pollution problems and must be treated before 
discharge. Cooling towers are usually employed to 
allow the reuse of cooling water. However, the 
make-up water is still substantially more than the 
process water. 
CHAPTER V 
MODEL FORMULATION AND DOCUMENTATION 
FOR THE CASE STUDY 
Model Structure 
The physical basis for fonnulating the 
optimization models for the case study area is 
shown by the energy deposit, water resource, and 
energy conversion plant location map (see Figure 
39) of the Colorado River Basin portion of eastern 
Utah. The study area is divided into 15 sub-
regions A through 0, which approximate the 
subbasins found in the Colorado River Basin in 
Utah. Key reaches in the river system are identified 
with circled numbers, corresponding to a flow 
metering station or to a point where flow can be 
calculated so that average flow in the reach is 
known. Each energy deposit on the map is 
numbered by its fonn (coal, tar sands, oil, etc.). 
Energy conversion plants are also located by a 
circled X and the type of conversion indicated for 
each location. Arrows to energy resource deposits 
and conversion locations indicate the possible 
source of water for development. The model 
equations are the mathematical images of the 
resource and development possibilities indicated on 
the map. 
Figure 40 is a schematic overview of the 
general model structure, including the objective 
function and four types of constraint equations 
some of which contain sub-region breakdowns. The 
two model formations, maximum energy output 
and minimum water use, yield optimal solutions in 
terms of the water allocated to energy use on an 
annual basis or the energy resources developed. 
Each model, though differing in end result, has 
much the same fundamental fonnulation, as shown 
in Figure 40 by the following common sections of 
equations: (1) the objective function; (2) water 
availabilities in the branches of the Colorado River 
system (Equations 1 through 36); (3) desired 
production levels of oil, coal, gas, electrical 
generation, and refined petroleum (Equations 37 
through 42); (4) energy source availability for each 
individual energy deposit (Equations 47 through 
99) and the capacity of the electrical generation 
stations existing or to be built in Utah (Equations 
100 through 104); and (5) coal use for conversion 
processes in individual model sub-regions where 
conversion plants were postulated (Equations 105 
through 111). 
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This chapter documents the equation coeffi-
cients and right-hand values for applying the model 
to the study area. 
Objective function water 
energy coefficients 
For the maximization problem, the objective 
function is: 
Maximum energy out = r Cj Xij -l Lk Ck Xik 
i = 1,2 ... 1 
The coefficient C· (or Ck), the energy production 
coefficient in BTO's/ AF (British Termal Units per 
Acre Foot of Water) for extraction process j or 
conversion processes k then, is fixed for the given 
energy fonn. The decision variable (Xij or Xik), 
then, is the amount of water in acre feet allocated 
to the given extraction or conversion process. 
However, in maximizing energy output, losses 
in conversion process must be considered, as well 
as energy processing (e.g. oil refining) which 
consumes water, but does not contribute to the 
BTU output. Hence, in the maximization function 
oil refining has a coefficient of zero, and other 
conversion processes (e.g. coal gasification or 
liquefaction) are entered with a loss coefficient 
(Lk = (1-'1/'1). This, in effect, subtracts out energy 
losses in conversion from the total energy 
prod uction from raw energy sources. The optimal 
model solution allocates water in acre feet to 
different energy extraction and conversion pro-
cesses to maximize net energy possible under 
constraints of water availability and energy source 
limitations. The mUltiplication ~f Cj x Xij is: 
BTU/ AF x AF which yields BTU. 
For minimization of water use, the objective 
function is: 
1: bj Wji 
where bj is the water use coefficient for extraction 
or conversion in AF /BTU (acre foot of water per 
British Thermal Units produced), and the decision 
variable Wji is the amount of energy produced 
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from a given energy deposit or conversion process. 
The optimal model solution is an energy develop-
ment pattern that satisfies required energy 
production levels using a minimum amount of 
water. The multiplication ofbj x Wji is AF/BTU x 
BTU which yields AF. 
Coefficient documentation for Cr Ckj and bj 
and model variable designations Xi} ~ik' and Wji 
for both maximization and minimization models 
are developed in the following paragraphs. Water 
use coefficients are transformed from their 
common basic units (gallons per barrel, ton, kwh, 
etc). to units of BTU I AF and AF IBTU. The 
coefficient for the water minimization problem Cj 
or k, is the reciprocal of the energy maximization 
coefficient bj so that documentation of one is the 
proof of the other. The assumption made in 
transforming coefficients to common units is that a 
barrel of oil is equal to six million BTU's (Western 
States Water Council, 1974, p. 25), and that 
pipeline quality gas is 1000 BTU/ ft 3 (Interagency 
Task Force on Water Resources, 1974; Table 1). 
Coal mining. The water requirements for dust 
control and coal wasing are given in Table 16. 
Table 1. Basic water Ole data for coal extraction 
and cleaning. 
Underground Surface 
Water withdrawal per 
ton mined 15.0 4.0 
Water consumption 
per ton mined 15.0 4.0 
Water withdrawal per 
ton wasted 524. 524. 
Water consumption 
per ton wasted 8.0 8.0 
Source: Interagency Task Force on Water Resources, 1974, 
p. 1-25. 
The majority of Utah's coal will be mined 
underground (Table 9, Chapter III) requiring 15 
gallons of water per ton. Assuming 2 gal/ton as the 
washing requirement (a conservative estimate since 
this implies 25 percent of the tonnage mined will be 
waste), the total consumptive water requirement is 
17 gal/ton of coal mined. Converting to acre feet 
(AF) , the coefficients are: 
Maximization: 1.91 x 104 BTU/tonl AF 
Minimization: 5.23 x 10-5 AF/BTU/ton 
These coefficients are left in terms of tons since 
they will vary with the volatile content of each 
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deposit. Final coefficients for the model are derived 
separately for each deposit. 
Steam electrical generadon. Table 17 offers 
several cooling alternatives and varying water uses 
that accompany the various technologies. 
Table 17. Water requirements for various cooUng 
methods. 
Method 
Steam-Electric Coal 
Evaporative cooling 
Pond 
River 
Dryradiator 
Water Requirement 
15 000 ac-ft/yr/l 000 mw unit 
10,000 ac-ft/yr/l 000 mw unit 
3,600 ac-ft/yr/ l 000 mw unit 
2,000 ac-ft /yr/l 000 mw unit 
Source: Western States Water Council, 1974. p. 25. 
Due to considerations of construction costs, land 
space, rate of recycle, thermal discharge regula-
tions, and insufficient water for once through 
cooling, evaporative cooling is favored over the dry 
radiator, pond, and river cooling methods. Thus 
using 15,000 AF/yr. for every 1000 megawatts of 
generation, the coefficients are: 
Maximization: 1.993 x la' BTUI AF 
Minimization: 5.017 x 10-' AF/BTU 
The thermal efficiency of newer fossil fuel plants is 
taken as 40 percent (Davis and Wood, 1974. p. 5). 
Coal Uquefacdon. As shown in Table 18, the 
water use in liquefaction plants is stated only as a 
Table 18. Synthetici conlumptlve water Ule 
estimates. 
Process 
Water 
Consumption 
- Gallons per 
106 BTU 
Pipeline Gas 
from Coal 
a. Water 
cooling 
b. Partial 
air cool-
ing 
72-158 
37-79 
(Lurgi Process followed by 
methanation stage) 
(Consumption directly related 
to blowdown required) 
(Assumes 85% nonevapora-
tive cooling) 
Synthetic Oil 31-200 (pressure hydrogenation tech-
from Coal nology) 
Source : Interagency Task Force on Water Resources, 1974. 
p. I-6. 
range because the technology is still in the 
development stage. Considering the wide range of 
water use estimates, 100 gallons of water per 
million BTU product output was selected. This 
figure is about a median value. The coefficients per 
acre foot are: 
Maximization: 3.259 x 109 BTU / AF 
Minimization: .306 x 10-9 AF /BTU 
Due to lack of data at the time ()f model 
formulation, it was assumed that the energy 
conversion efficiency of coal liquefaction was 60 
percent for the purposes of the model. 
Coal gasification. Again noting the ranges in 
Table 19 it appears that water use in gasification is 
at the moment a guess at best. Research is still 
being conducted and the first gasification plant is 
just going to construction. 
Table 19. Synthetics consumptive water use 
estimates. 
Process 
Pipeline Gas 
from Coal 
a. Water 
cooling 
b. Partial 
air cool-
ing 
Water 
Consumption 
- Gallons per 
106 BTU 
72-158 
37-79 
(Lurgi Process followed by 
methanation stage) 
(Consumption directly related 
to blowdown required) 
(Assumes 85% nonevaporative 
cooling) 
Synthetic Oil 31-100 (pressure hydrogentation tech-
from Coal nology) 
Source: Interagency Task Force on Water Resources. 1974. 
p.I-6. 
Using the mid-range for water cooling for a 
conservative assumption, 115 gallons of water per 
million BTU of product output is established. 
Hence, coefficients are: 
Maximization: 2.83 x 10' BTU / AF 
Minimization: .353 x 10-9 AF/BTU 
Due to lack of data at the time of model 
~ rmulation, it was assumed that the energy 
conversion efficiency of coal gasification was 60 
percent for the purposes of the model. 
Coal slurry. Water requirements for a coal 
slurry pipeline are 260 gallons/ton of coal or 20,000 
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AF /25 million tons of coal slurried (Western States 
Water Council, 1974, p. 25). Coefficients are: 
Maximization: 1.253 x 103 x tBTU / AF 
on 
Minimization: 7.98 x 10-4 x AF/!~U 
The final coefficient used in the model is dependent 
upon the heating value of the coal used in the 
slurry. This is determined using the average value 
of the specific coal deposits. Coal slurry is used as a 
substitute for electrical generation in Equation 41. 
Therefore, its energy conversion efficiency will be 
the same as that of generation which is 40 percent. 
on and gas production. Figures are given by 
"Project Independence" for oil and gas production 
com bined. The water uses are drilling and 
secondary recovery, with secondary recovery the 
major water user. Water use is 17 gallons per 
equivalent barrel of oil and gas produced. Roughly 
3 of the 17 gallons per barrel is utilized for drilling 
(Interagency Task Force on Water Resources, 
1974. p. 1-31). It is evident, therefore, that most of 
this water is for oil production and very little for 
gas. Water requirements for oil are 17.3 gallons per 
barrel of oil produced or 3.05 gallons per million 
BTU (Water Resources Council, 1974. p. 22). 
Using these numbers the oil production cOefficients 
are: 
Maximization: 106.8 x 109 BTU/ AF 
Minimization: .0093 x 109 AF /BTU 
Natural gas also requires processing before it can 
be utilized. Table 20 gives water use for two 
Table 20. Gas processing plant water use data. 
Plan t Size = MM BTU/day 
Cryogenic Refrigeration 
Plan t Absorption 
Make-up water 
(gal x 106 day) 0.25 0.60 
Cooling water 
(gal x 106 day) 6.3 16.1 
Consumption coefficient 
(gal/M SCF 1.67 4.0 
Gal/BTU x 106* 
* Assuming 1000 BTU/SCF 
Source: Interagency Task Force on Water Resources, 1974. 
p. I-14. 
technologies. Since this technology is well devel-
oped, it is reasonable to assume the least water 
consumptive technology of 1.67 gallons of water 
per million BTU of product output could be 
employed. Hence, coefficients for gas production 
are: 
Maximization: 195 x 109 BTU I AF 
Minimization: .0051 x 109 AF IBTU 
on shale. Estimates of water use in oil shale 
development have been the topic of several reports. 
Table 21 is one such estimate of water needs. These 
Table 21. on shale production water require-
ments. 100,000 bbl/day surface mine 
plant. 
Processed shale disposal 
Shale oil upgrading 
Power require men ts 
Retorting 
Mining and crushing 
Revegetation 
Sanitary use 
Associated urban 
Total 
Acre-Feet/ 
GPM Year 
4500 
2300 
1,100 
800 
550 
220 
30 
900 
10,400 
7,245 
3,703 
1,771 
1,288 
886 
354 
48 
1,449 
16,744 
Source: Interagency Task Force on Water Resources, 1974. 
p. 1-22. 
figures are equal to 3.54 barrels of water per barrel 
of oil. Another estimate gives 2.5 to 4 barrels of 
water consumed to a barrel of oil produced (Davis 
and Wood, 1974, p. 2). In order to remain 
cons·ervative the 4: 1 water use ratio will be utilized: 
Maximization: 11.6 x 109 BTU/AF 
Minimization: .086 x 10-9 AF IBTU 
Tar sands. Of the methods for the recovery of 
oil from tar sands only the surface recovery method 
has water data on record. The Arizona Fuels 
process requires 20 gallons of water per barrel of 
crude or 3.3 gallons per million BTU of product 
(Record of Hearing on Sohio Proposal, August 
1974). Although in-situ tar sands recovery is 
supposed to require much less water than surface 
recovery, use of the surface recovery coefficient for 
tar sands is a conservative assumption: 
Maximization: 97.86 x 109 BTU I AF 
Minimization: .0102 x 10-9 AF IBTU 
on reOnlna. Typical water use in a refinery is 
shown in Table 22. In view of these data and water 
use numbers adopted by the federal government, 
a consumptive water us~ of 43 gallons of water per 
barrel of oil refined is used (Water Resources 
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Table 22. Annual and per unit water require-
ments in reOnery operations. 
Plant Scale - 221 x 103 bbl/standard day 
Refinery 1 Refinery 2 
Annual Water Consumptive 9,790.0 9,476.4 
Use (Ac-ft.) Cooling 253,421.0 245,647.2 
(Withdrawal) 
Per Unit Water Consumptive 43.7 42.3 
Use (Gal /bbl) Cooling 1,131.2 1,096.5 
(Withdrawal) 
Per Unit Water Consumptive 7.5 7.3 
Use (Gal / 106 Cooling 195.0 189.1 
BTU (Withdrawal) 
Source : Interagency Task force on Water Resources, 1974. 
p.I-14. 
Council, 1974a. Table 1. p. 22). This equivalent to 
7.58 gallons per million BTU, so the coefficients 
are: 
Maximization: 42.99 x 109 BTUI AF 
Minimization: .0232 x 10-9 AF/BTU 
Summary of coefficients and model variable 
designations. A summary of the water-energy 
coefficients for the objective function is presented 
in Table 23. As indicated in the discussion, these 
numbers tend toward the conservative side (Le. 
higher water consumption) of present estimates. 
This is reflected in the bar chart of Figure 41 
denoting the coefficients selected within the range 
of estimates presented. 
The assignment of variable designations to 
energy deposits and conversion processes that 
appear on the base map and are presented in Table 
24, together with the appropriate coefficients for 
the objective functions. The model variable are 
specified by the form: 
or 
RNWNCN (Energy Conversion) 
where RN designates the subbasin (RA, RD, etc.), 
W N designates the reach of the river system that 
the development water was drawn from (W 1, W 2, 
etc.), and EN or CN identifies the specific energy 
deposit or energy conversion process that is 
drawing water. In cases where there are two water 
sources for a given energy deposit, the EN or CN 
designation remains the same and only the water 
designation changes. 
Table 23. Water-energy coefficient.. 
Process 
Oil Refining 
Coal Mining 
Coal Slurry 
Coal Liquefication 
Coal Gasifica tion 
Tar Sands 
Electrical Generation 
Oil Production 
Gas Production 
Oil Shale 
Maximization 
BTUx109 /AF 
42.99 
1. 9x 1 04xBTU/ton/ AF* 
I .253x 1 03~ / AF* 
ton 
3.259 
2.83 
97.86 
1.993 
106.8 
]95 
11.6 
Minimization 
AFx1 0-9 /BTU 
.0232 
5.23x10-5 AOF/BTU/ton 
7 .98x 1 0-4 AF /BtTU 
on 
.306 
.353 
.0102 
5.017 
.0093 
.0051 
.086 
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Table 24. Summary of variable designation •. Table 24. Continued. 
Maximization Minimiza tion Maximization Minimization 
Variable Coefficien t Coefficient Variable Coefficient Coefficient 
Deposit Designa tion BTUx 10-9 AFxl0-9 Deposit Designation BTUxl09 AFxl0-9 
AF BTU AF BTU 
Reg!on A Coal #6 RGW26E6 386.54 .0025 
T.S. #] RAW4El 97.86 .0102 RGW27E6 386.54 .0025 
T.S. #2 RAW2E2 97.86 .0102 Coal #7 RGW27E7 449.49 .0022 
Coal #2 RAW5E3 432.7 .0023 RGW28E7 449.49 .0022 
Reg!on B T.S. #1 RGW29E8 97.86 .0102 
T.S. #1 RBW7El 97.86 .0102 Hun tington RG W26C5 1.993 .50] 7 
RB\\8El 97.86 .0102 RGW27C5 1.993 .5017 
T.S. #2 RBW9E2 97.86 .0102 Slurry RGW29C2 30.9 .032 
Coal #2 RBW9E3 432.7 .0023 Gasifica- RGW29C3 2.83 .353 
Oil #1 RBWl4E4 106.8 .0093 tion 
RBW43E4 106.8 .0093 Liquefica- RGW29C4 3.259 .306 
Gas #1 RBWl4E5 195 .0051 tion 
RBW43E5 195 .0051 Emery RGW28C6 1.993 .5017 
RGW27C6 1.993 .5017 
Reg!on C 
T.S. #1 RCW6E] 97.86 .0102 Region H 
T.S. #2 RCW6E2 97.86 .0102 Coal #1 RHW25El 417.9 .0023 
Gas #1 RCW6E3 195 .0051 T.S. #1 RHW30E2 97.86 .0102 
Oil #1 RCW6E4 ]06.8 .0093 Slurry RHW25C2 28 .2 .035 
Oil Shale RCW6E5 11.6 .086 Gasifica- RHW25C3 2.83 .353 
Reg!on D tion 
T.S. #1 RDWIOEI 97.86 .0102 Liquefica- RHW25C4 3.259 .306 
T.S. #2 RDW12E2 97.86 .0102 tion 
Coal #1 RDW13E3 428.03 .0023 
RDW14E3 428.03 .0023 Reg!on I 
Oil #1 RDW17E4 106.8 .0093 T.S. #1 RIW34El 97.86 .0102 
Gas #1 RDW17E5 195 .0051 Gas #1 RlW33E2 195 .0051 
Reg!on E 
Refinery RlW30Cl 42.99 .0232 
T.S. #1 REW17El 97.86 .0102 Reg!on J 
T.S. #2 REW21E2 97.86 .0102 Coal #1 RJW35El 442 .0022 
T.S. #3 REW21E3 97.86 .0102 RJW36EI 442 .0022 
Coal #1 REW21E4 481.3 .002 Coal #2 RJW38E2 476.96 .002 
REW24E4 481.3 .002 T.S. #1 RJW35E 97.86 .0102 
Refinery REW21Cl 42.99 .023 T.S. #2 R.JW39E4 97.86 .0102 
Slurry REW21C2 28.2 .035 Slurry RJW39C2 29.2 .034 
Gasifica- REW21C3 2.83 .353 Gasifica- RJW39C3 2.83 .353 
tion tion 
Liquefica- REMIC4 3.259 .306 Liquefica- RJW39C4 3.259 .306 
tion tion 
Reg!on F Factory RJW38C5 1.993 .5017 
Coal #1 FRW23El 481.32 .002 Butte 
Coal #2 RFW24E2 483.7 .002 
Reg!on K 
Region G Coal #1 RKW40EI 453.8 .0022 
Coal #1 RGW28El 447.97 .0022 T.S. #1 RKW40E2 97.86 .0102 
Coal #2 RGW28E2 447.97 .0022 Garfield RKW42C5 1.993 .5017 
RGW27E2 447.97 .0022 
Coal #3 RGW27E3 486.82 .002 Reg!on L 
RGW26E3 486.82 .002 T.S. #1 RLW41El 47.86 .0102 
Coal #4 RGW26E4 473.62 .0021 Oil #1 RLW41E2 106.8 .0093 
Coal #5 RGW26E5 492.39 .002 Gas #1 RLW41E3 195 .0051 
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Table 24. Continued. 
Maximization Minimization 
Variable Coefficient Coefficient 
Deposit Designation BTUxl09 AFx10·9 
Region M 
Coal #1 
T.S. #1 
Refinery 
Slurry 
Region N. 
Coal #1 
Coal #2 
Coal #3 
Slurry 
Gasifica· 
tion 
RMW42El 
RMW42E2 
RMW42Cl 
RMW42C2 
RNW42El 
RNW42E2 
RNW42E3 
RNW42C2 
RNW42C3 
Liquefica· RNW42C4 
tion 
Kaparowits RNW42C5 
Region 0 
Coal #1 
T.S. #1 
Gas #1 
ROW3IEI 
ROW3IE2 
ROW31E3 
Water avaUabilldes 
AF BTU 
429.8 
97.86 
42.99 
28.2 
453.8 
453.8 
424.6 
29.77 
2.83 
3.259 
1.993 
417.9 
97.86 
195 
.0023 
.0102 
.0232 
.0354 
.0022 
.0022 
.0023 
.0335 
.353 
.306 
.5017 
.0023 
.0102 
.0051 
Water for energy development was assumed to 
come solely from the Colorado River system. There 
was no consideration in the model of possible water 
production in extraction processes (i.e. water 
prod uction in coal mines or oil fields), nor was 
there consideration of groundwater sources. This 
amounts to a conservative assumption as to 
demands which might be placed in the Colorado 
River and tributaries as the chief source of water. 
Equations 1 Ithrough 36 represent water 
availabilities in reaches of the Colorado River 
system. All water allocated for energy develop-
ments IS summed at key downstream points. The 
total water use must be less than the water avail-
ability in that portion of the river. The equations 
are written such that water use is cumulative in 
moving downstream, so that Equation 36 sums all 
the water uses for energy and the total must be less 
than the total water available in the basin for 
energy development. 
In Table 25 water availabilities Ai through A44 
correspond to Equations 1 through 36 in the 
model. Water availabilities (AN) where no station 
number is given are the sum of upstream flows at a 
confluence where there is no gaging station. The 
station designations correspond to those found in 
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Table 25. Average yearly Dow at model control 
points. 
Station # Flow·AF 
xI03 
Al 9·2345 1473 
* A2 9·2610 3155 
A3 9·2635 13.4 
A4 9·2715 46 
* A5 3214.4 
* A6 9·3065 508.6 
A7 9·2995 90.6 
A8 9·2970 131.1 
A9 221.7 
AIO 9·2910 92.7 
All 9·2790 125.3 
AI2 9·2775 126.4 
Al3 9·2881 43.9 
AI4 9·2880 33.7 
Al5 77.6 
A16 9·2885 109.3 
AI7 9·2795 260.8 
AI8 9·2950 385.4 
AJ9 251.7 
A20 9·3020 431.8 
* A 21 9·3070 3977 
A22 9·3115 43.2 
A23 9·3130 80.4 
A24 9·3145 74.6 
A25 9·3150 4,609 
A26 9·3180 70.3 
A27 9·3245 70.3 
A28 9-3265 48.8 
A29 9-3285 114.5 
A30 4,723.5 
A31 9·1635 4,208 
A32 9·1800 514.4 
A33 9·1805 5,569 
A34 10,292.5 
A35 9·3305 27.3 
A36 9·3290.5 10.7 
A37 9·3299 2.9 
A38 9·3302.3 51.5 
A39 9·3335 70.4 
A40 9·3375 13.4 
A41 9·3795 1,887 
* A42 limit on water use 1,322 
A43 124.6 
A44 175.3 
Appendix A which gives the total annual average 
flow past the stations in AF. These flows, of course, 
represent the present upper limit on average 
available supplies since they are actual stream-
flows. For the model, the estimates actually used 
for the key stations (denoted by an asterisk in Table 
25) are adjusted to reflect compact apportionments 
and present commitments. Thus, for the mainstem 
of the Colorado and the Utah tributaries, the 
actual streamflow available for energy development 
is limited by the total water available to the State of 
Utah under the Colorado River Compact and 
existing water rights on individual streams. 
Referring to the Utah Division of Water 
Resources accounting (Table 26), it can be seen 
that out of Utah's estimated 1,322,000 acre-foot 
allotment of the Colorado River, 638,000 acre-feet 
of water is presently unused. However, of that 
638,000 acre-feet, only 107,000 acre-feet are 
uncommitted. In the committed column, an 
amount of 132,000 acre-feet is already allocated to 
the Kaiparowits and Huntington power plants (see 
Table 27). This added to the 107,000 acre-feet of 
presently uncommitted water would allow a total of 
239,000 acre-feet of water for energy development. 
Of this, there is a potential of 40,000 acre-feet in 
the White River for energy development. In the 
mainstem of the Green River, 19,000 acre-feet is 
committed but as yet unused, 17,000 acre-feet for 
the Jensen Unit of the Central Utah Project and the 
remaining 2,000 acre-feet for municipal and 
industrial use purposes. Since this water is still 
unused it is assumed that it could be transferred to 
energy development projects. Based on this existing 
situations three cases were decided upon for use in 
the model. 
Case 1. 19,000 acre-feet available in the 
Green River where it enters 
Utah. 
40,000 acre-feet available in the 
White River. 
239,000 acre-feet available in Utah. 
Case 2. 2,000 acre-feet available in the 
Green River where it enters 
Utah. 
Table 26. Allocation of remaining unuled Colorado River water In Utah. 
One Possible Allocation Pattern 
(1 000 acre-feet) 
Residual Estimated 
Outflow Committed Potential 
Total (J ,000 at) Depletion Depletion 
Uintah Basin 470 248 1 + 5 M&l 253 
White River 500 0 + 40 Oil Shale 40 
Price River 80 0 + 10 10 
San Rafael 120 302 + 13 43 
Dirty Devil 80 0 + 17 17 
Escalante 60 0 + 9 9 
San Juan 1,600 0 + 10 Irrigation 10 
Main Stem Green River 27805 173 + 2 M&l 19 
Main Stem Colorado River 5,1706 1024 + 1 M&I 103 
and Adjacent Areas 
Evaporation and Salvage Net Use 134 + 0 134 
Total Upper Colorado 
River Basin 10,880 531 + 107 638 
1 Bureau of Reclamation au thorized Bonneville, Upa1co, and Uintah Units of Central Utah Project plus deferred Ute Indian 
Lands. Includes 155 export and related losses to Wasatch Front. 
2Utah Power and Light Huntington Power Plant 
3Bureau of Reclmation authorized Jensen unit of Central Utah Project 
4Kaiparowit Power Project. 
5Estimated average annual flow of Green River entering Colorado River minus residual flows of Uintah Basin, White River, 
Price River, and San Rafael. 
6Estimate.d average annual flow at Lee's Ferry minus San Juan , Paria, Escalante, Dirty Devil, San Rafael, and adjusted Green 
River , and also 750 duplicated flows. 
78 
Table 27. Allocation of remaining unused Colorado River water In Utah. 
Utah's Allotment of Colorado River 1,322 000 acre-feet 
Present Depletions (1970) -684000 
Remaining Unused Allocation 638,000 acre-feet1 
Potential Uses of Colorado River Water 
in Utah , - Low & High Projections One Possible Allocation Pa ttem 
(I ,000 acre-feet) (l ,000 acre-feet) 
Low High Co mmitted Potential Total 
Irrigation 180 420 972 + 10 107 
M&l 15 40 133 + 17 30 
Thermal Power 132 290 1324 + 30 162 
Oil Shale 30 160 0 + 40 40 
Coal Gasification 10 70 0 + 10 10 
Export to Wasatch Front 155 540 155 5 + 0 155 
Evaporation and Salvage Net Use 134 134 134 + 0 134 
656 1654 53T 107 638 
1 Department of Interior Environm ental Statement for Prototype Oil Shale Leasing Program, Vol. 1. 
2In-basin Irrigation Portion f Bonne HIe, Jen en, Upalco, and Uintah Unit, Plu deferred Ute Indian lands. 
3M&I Portion of Jensen Unit. 
4Kaiparowits and Huntington Power Plants. 
5Bonneville Unit (127 irrigation; 9 M&[ ; 19 associated losses). 
40,000 acre-feet available in the 
White River. 
239,000 acre-feet available in Utah. 
Case 3. 2,000 acre-feet available in the 
Green River where it enters 
Utah. 
40,000 acre-feet available in the 
White River. 
107,000 acre-feet available in Utah. 
Energy production constralnta 
Equations 37 through 42 set the minimum 
production requirements of various forms of 
energy. Referring to Figure 40, Equation 37 sums 
all possible sources of oil production in the study 
area (wells, tar sands, oil shale, coal liquefaction) 
and requires that, at a minimum, production level 
El be met. Equations 39, 40, and 42 establish 
similar requirements for electrical generation, gas 
production, and petroleum refining. Equation 38 
requires that enough coal be produced to meet the 
minimum domestic (Utah) demand plus the input 
requirements of the coal conversion processes, TG 
through TN' Equation 41 allows for electrical 
generation demands above the level Es (projected 
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generation capacity) to be met by a coal slurry 
operation. The slurry coefficients are modified to 
make up for the energy loss due to thermal electric 
efficiencies. Equations 100 through 104 set the 
production of electricity at a given plant site to its 
planned generating capacity. 
This segment of the model establishes the 
basic energy demand for all forms that are to be 
produced within the study area. The discussion 
which follows tabulates and documents these 
minimum energy requirements and the assump-
tions made in establishing the levels of the various 
forms of energy to be produced. The target year 
used to set production levels for the model is 1980. 
Coal production. The coal production require-
ment is for coal use other than electrical 
generation, gasification, liquefaction and coal 
slurries. Utah's coal production was 4743 x 103 
short tons in 1970 (Doelling, 1972). This coal 
production was probably not utility related since 
the first major coal fired plant went on line in Fall 
1974 at Huntington Canyon. With a yearly increase 
of 3.1 percent in coal demand (Stanford Research 
Institute, 1972. Table BO, p. 8-4), the necessary 
production in 1980 would by 6242.8 x 103 short 
tons. Assuming a heating value of 11,()()() BTU lib., 
. then 137,342.72 x 109 BTU (E~ would be required. 
Although the 3.1 percent includes increased use by 
generation, inspection of the table shows it to be a 
conservative figure. 
on production. Utah's oil production was 
32,543,791 barrels of oil in 1973 (Division of Oil 
and Gas Conservation, 1973). Assuming a yearly 
increase of 3.9 percent in demand for petroleum 
products (Stanford Research Institute, 1972, p. 
B-8), the necessary production in 1980 would be 
42,543,734 barrels of oil. At 6 million BTU per 
barrel, this would be 255,204.4 x 109 BTU (EJ 
yearly. Because production is limited to allow for a 
30 year development, substitutes for traditional 
crude supplies will have to be employed. 
Natural gas production. Utah's natural gas 
production was 76,846,360 MCF (1()()() cubic feet) 
in 1973 (Division of Oil and Gas Conservation, 
December 1973). Assuming a yearly increase of 5.5 
percent in demand for natural gas (Stanford 
Research Institute, 1972, p. B-3), the necessary 
prod uction in 1980 would be 111,734,600 M CF . At 
1()()() BTU/fi3 this would be 111,734.6 x 109 BTU 
(EJ yearly. Because production is limited to allow 
for a 30 year development, substitutes for 
traditional gas production will have to be 
employed. 
Electrical generation. The electrical genera-
tion capacity utilized in this model is at the present 
in construction or planning. Only Huntington 
Canyon Unit #1 is on line. The generation capacity 
used for the model is based on Table V -1 of the 
Southwest Energy Study (Study Management 
Team, 1972), which was updated by a listing of 
power plant developments issued by the Bureau of 
Land Management. In the Southwest Energy 
Study, the Huntington Canyon figures represent 
both the Huntington and Emery plants. These 
plants were adjusted down to 860 mw and 830 mw 
respectively, in accordance with the BLM figures. 
The Kaiparowits Plateau figures represent the 
Kaiparowits, Factory Butte, and Garfield plants. 
These plants are rated at 3000 mw, 3000 mw, and 
860 mw respectively in the model. The Garfield 
plant was adjusted down to 830 mw to bring it in 
line with the BLM figures. The more conservative 
plant capacities issued by -the BLM were utilized 
because, out of the total generation capacity 
outlined in the Southwest Energy Study, Utah 
would only utilize 25 percent of the electricity 
generated within her boarders (Study Management 
Team, 1972: Table 5-2). Since coal slurry is in the 
model as a generation substitute, generation can be 
limited more closely to endogenous needs while still 
exporting energy through coal slurries with a saving 
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in water use. Although final completion of these 
plants is not expected until 1990, water will be 
allocated to them by 1980 if construction is to 
begin. All electrical generation is assumed to 
require coal because all plants are being designed 
as coal-fired generation plants at this time. Table 
28 summarizes the electrical generating capacities 
used in the model. 
Table 28. Electric generating plant capacity deslg-
natlonl In the model. 
Plants BTU x 109 
G 1 Huntington 25711.23 
G2 Emery 24814.5 
G3 Factory Butte 89691.12 
G4 Garfield 24814.5 
G5 Kaiparowits 89691.12 
Yearly electrical generation = 8550 mw or 254722.55 
x 109 BTU (B3) + (B5)' 
Refined petroleum products. Utah's refinery 
capacity was 133,150 barrels a day in 1974 as stated 
in Table 11, Chapter III. Assuming a 3.9 percent 
yearly increase in demand for refined petroleum 
products (Stanford Research Institute, 1972, p. 
B-8), the necessary production in 1980 would be 
174,027 barrels a day for a total increase in 
capacity of 40,877 barrels a day. Since the other 
refineries are located in the Salt Lake area, only the 
increase will be applied to the Colorado River 
system under the assumption that one refinery may 
be built within the basin. The increase of 40,877 
barrels a day translates to 89520 x 109 (E6) 
BTU/yr. 
Energy resource constraints 
Equations 47 through 99 limit the level of 
resource development for each deposit. Each 
deposit is considered to have a development 
capability, Rn, consistent with the known reserves 
of the deposit and common assumption as to the 
rate of development. . 
The energy resources of the State of Utah were 
inventoried in Chapter III of this report. However, 
in order to apply this information to the model, it 
was necessary to break down sources by sub-region 
and then quantify the energy available in each 
deposit. The assumption in assigning energy 
availability to a given deposit was based on a 
3O-year life of development. Thus the total energy 
available is divided by 30 to derive an annual rate 
of development. Of course each energy deposit 
could be developed at a more rapid or more 
retarded rate than over a JO-year period. However, 
since rates of development are uncertain, being 
dependent on the urgency of energy needs and the 
availability of the necessary manpower and 
material to match a particular development 
schedule the assumed JO-year schedule seemed 
reasonable for purposes of model demonstration. 
The following discussion accompanied by 
Tables 29 through 33, documents the annual 
extraction rates for individual resource deposit 
developments. These figures establish the right-
hand-side (RHS) values for constraint Equations 
47-99. The tables are set up so that the values can 
be matched to the model variables (Table 24) and 
to the map numbers in Figure 39. 
Coal. The coal resource availabilities utilized 
for the model consist of the principal coal classes 
(I, II, and III) which are tabulated by quadrangle 
in Table 6, Chapter III. Estimates as to the 
percentage of possible recovery are found in Table 
9, Chapter III. The heating value of the coal 
(BTU/lb) for a given deposit was determined from 
information in Table 8, Chapter III, and then 
averaged with the information found in Table 6, 
Chapter III. Quadrangle numbers of deposits for 
each subregion were taken by placing an overlay on 
Figure 16, Chapter III. In Table 29, summarizing 
coal resource availabilities, the deposit numbers 
correspond to those found on the map (Figure 39) 
in the respective subregions. 
Tar sands. The tar sands resources tabulated 
in Table 30 are based on the "measured" and 
"indicated" reserves presented in Table 12, 
Chapter III. It does not include the "inferred" or 
"conjectural" reserves found in the Utah Geologi-
cal and Mineralogical survey. Deposits were 
assigned to the model regions by placing an overlay 
on Figure 20, Chapter III, and identifying the 
deposit by name from the Utah Geological and 
Mineralogical survey map. Deposit numbers in 
Table 30 correspond to the deposit numbers found 
in the respective subregions on map Figure 39. 
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on shale. The oil shale availability given in 
Table 16 takes into account only those formations 
that are 15 feet or thicker. This excludes the 
thinner formations because of lower yields per ton. 
All of the oil shale in Utah occurs in subregion C 
and is treated as one deposit. The tabulated data 
were drawn from Figure 17, Chapter III, and the 
oil shale section in Chapter III. 
on. The oil resources, summarized in Table 
32 represent the recoverable reserves found in 
Table 10, Chapter III. Deposit names and numbers 
were assigned for the model by placing a 
subregional overlay on Figure 18, Chapter III. 
Deposit numbers correspond to those found on 
Figure 39 for respective subregions. 
Natural gas. The natural gas production 
shown in Table 33 represents the annual gas 
production found in the Division of Oil and Gas 
Conservation Board's December, 1973 Report. 
Since reliable, documented figures on gas reserves 
were tentative, it was assumed that gas production 
would remain at its 1973 level for the purpose of the 
case study application. Deposit names were 
assigned for the model by placing a subregional 
overlay on Figure 19, Chapter III, and then 
comparing with the more detailed Utah Geological 
and Mineralogical map. Deposit numbers corre-
spond to those found on the map (Figure 39) in the 
respective subregion's. 
Coal convenloDi 
Equations 105 through 111 sum coal use in 
conversion processes in the subbasin where the use 
occurs. These figures also appear in Equation 38 
to adjust the coal production to meet all coal needs. 
Conversion coefficients are adjusted by their 
efficiencies to account for energy lost in conversion. 
Coal slurry coefficients need not be adjusted here 
since they were adjusted in Equation 41. The basis 
of the equations (equalities, less than or equal to, 
and greater than or equal to) are identical for both 
the maximization and minimization models. 
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Table 29. Coal resources-Principal (Classes I, II, and 111). 
Sub- region/ 
deposit 1/ 
A/I 
A/2 
B/1 
B/2 
D/1 
Ell 
F/1 
Principal 
tons x lOtS 
E stima te 0/0 
recoverable . BTU/Pound 
Total 
recovera ble 
BTU 
Total * 
BTU Iyr Quadrangle 
numbers 
------------------------ Thin bed - No figures - Possibly unminable - Ignore ---------------------- 130 
133 30 
7% Mesa Verde 
930/0 Frontier 
average 
11329 
9.04x10 14 3.01x1013 
110, Ill , 112, 114, 
115,116,118,119, 
121,122,120 
------------------------------------ Thin bed - Same as above ---------------------------------- 128 
44. 2 
23l. 2: 
1607. 2 - 16% mined 
1262 
W.P. - 1665.8 
- 5% mined = 1582. 5 
B. C. 1985.3 - 16% 
mined = 1667 
30 
30 
30 
30 
35 
70/0 Mesa Verde 
93% Frontier 
average = 
11329 
73% Mesa Verde 
27% Frontier 
average 
11205 
Average 
12600 
12,200/11 
12,800/# 
average = 12526 
3x10 14 
1. 55x 1 0 15 
9.31x10 15 
2.652xl0 16 
1x1013 
5.18x10 13 
3.1xl0 14 
8 . 84xl014 
117.113 
88,89,91,92,90 
49,50,51,53,54 
39,40,43, - W.P. 
47,52,46, - B. C. 
Table 29. Continued. 
Sub- region/ Principa 1 Estimate 0/0 Total Tota 1 * Quadrangle 
deposit # tons x 10 6 recoverable BTU/Pound re cove ra bte BTU I yr numbers 
BTU 
F/2 72 - 160/0 mined 35 12, 664 5. 36x1014 1. 786x10 13 44,48, 55 
= 60.48 
G/1 416. 5 - 50/0 mined 30 11,727 2.78x10 15 9. 27xl0 13 34,31 
= 395 . 6 
QO G/2 
439.4 - 50/0 mined 
.• 30 11, 727 2.91x10 15 9.7x10 13 33,30 CN 
= 413. 63 
G/3 
648. 2 - 50/0 mi ned 30 12,744 4.7x10
15 
1. 56x1014 38,37 
= 615.79 
G/4 
2887. 1 - 50/0 mined 30 12,400 1. 76x10 16 5.86x10 14 35,36,42,41 
= 2172. 74 
G/S 249. 1 40 12,890 2.56xl0
1S 8.S3xl013 87 
G/6 
12.2 - 180/0 mined 30 10, 119 6.06x10
13 2.02xl012 124 
10 . 004 
~ 
Table 29. Continued. 
Sub- regionl 
deposit II 
G/7 
G/8 
H/l 
0/1 
1/1 
J /1 
J/2 
Principa~ 
tons x 10 
2 - 10% 
1.8 
Estimate % 
recoverable 
30 
BTU/Pound 
11,767 
Total Total >,~ 
recove ra ble BTU /yr 
BTU 
1. 27xl0 13 4.23xl0 11 
----------------- --------------- Thin bed - No figures---------------------------------
285.7 - 2% 
279. 98 
7.9 - 2% 
7.742 
45 10,940 
45 10,940 
. 15 
2. 774xl0 
7.62xl013 
9. 24xl0 13 
12 
2.54xl0 
-----------------------------------Totally Unknown-----------------------------------
W. P.-I091. 1-5% = 1036.5 
E-1295. 8-0% mined 
5-86.4-2% 
84. 67 
154. 4 - 00/0 
WP 30 
E 30 
S 35 
45 
WP 11727 
E 11424 
S 11367 
Average = 11552 
Ferron & Dakota 
Zone 
12,486 
16 1. 684xl0 
1. 731xl0 15 
5.61xl014 
5.77x1013 
Quadrangle 
numbers 
125 
45 
81,80,79,~3,82 
77,78,84,85,86 
131 
27, 28, 29, 32, 71, 
72,73,74,75,76, 
123 
93,96,97,98,99, 
100,104,105,106 
Table 29. Continued. 
Sub- region/ Principal Estimate % TotaJ Total >:< BTU/Pound recoverable BTU /yr Quadrangle deposit # tons x 10 6 recovera bte numbers BTU 
3. 66x10 16 1. 22xl0 15 
1,4,5,3,6,7,9, 
Kl1 5135.4 - 0% 30 Average = 11880 13,20,21,22,25, 
26 
Mil 76.6 45 
Emery Zone 7.756x10 14 2.58xl0 13 · 94,95,101,102, 
go 11253 103,107 
CIt 
Nil 2735 . 1 - 0% 30 Average = 11880 1. 894x10
16 6.31x10 14 8,10,11,14,15, 16, 17, 18, 23 
N/2 .9 30 11880 6.4x10
12 2.13xl0 11 2,24,19 
N/3 1509.4 .50 1l1lS. S 1. 67xl0
16 S.S7xl0 14 63,64,65,66,67, 68, 69,70 
* 
Xearly output assumes 30 year development life. 
Table 30. Tar sands resources, measured and indicated. Does Dot Include Inferred or conjectural. 
Subregion/ 
deposit# 
A/I 
A/2 
B/l 
B/2 
C/1 
C/2 
0/1 
D/2 
E/I 
E/2 
E/3 
G/1 
H/l 
0/2 
1/1 
J/1 
J/2 
K/l 
L/I 
M/I 
Barrels 
x106 
972 
125 
65 
10 
7.5 
1850 
6.5 
2.9 
30 
3000 
830 
295 
3.5 
1850 
5083 
150.25 
1017.5 
377 
.4 
762.2 
Total BTU 
6x106 BTU/BBL 
5.832xl015 
7.5x10 14 
3.9xl0 14 
6xl0 13 
4 .5x10 13 
1.11xl0 16 
3.9x10 13 
1.74xl013 
1.8xlO l6 
1.8x 1016 
4.98x1015 
1.77xl015 
2.1x10 13 
1.11 xl 06 
3.049xl0 16 
9.01x1014 
6.lx1015 
2.26x1015 
2.4x1012 
4.57x10 15 
Total* 
BTU/yr. 
1.944xl014 
2.5x1013 
1.3xl0 13 
2xl012 
1.5xl0 12 
3.7x10 14 
1.3xl012 
5.8xlO II 
6xl012 
6xl0 14 
1.66xl0 14 
5.9x10 13 
7x1011 
3.7x10 14 
1.0lx10 15 
3x1013 
2.03x10 l4 
7.54xl013 
8xl010 
1.524xlOl4 
Deposit Names 
Asphalt Ridge 
Raven Ridge 
White Rocks 
Little Water Hills 
Chapita Wells 
1/2 P. R. Spring 
Lake Fork 
Tabiona 
Minnie Maud Creek 
Sunny Side 
Mill Creek 
San Rafael Swell (Red Canyon, Black 
Dragon, Cottonwood Draw, and Wilkiup) 
Ten Mile Wash 
1/2 P.R. Spring 
Tar Sands Triangle (Elaterite Basin, Red 
Cove, Teapot Rock, Fault Point, The Cove) 
San Rafael Swell Qustensen Flats, Flat Top, 
Temple Mountain, Family Butte, Chute 
Canyon) 
Tar Sands Triangle (Hatch Canyon) Minor 
Occurences 
Circle Cliffs (West Flank) 
Mexican Hat 
Circle Cliffs (East Flank, Muley Twist, 
White Canyon Flat) 
Source : Utah Geological and Mineral Survey Map 33, By H. R. Ritema. Reprint July, 1974. 
*Yearly output assumes 30 year development life. 
Table 31. on Shale resources (deposits of 15' thick or more). 
Subregion/ 
deposit# 
CII 
* 
Barrel 
reserve 
xl06 
120,000 
Yearly output assumes 30 year development life. 
Total BTU 
6x I 06 BTU/BBL 
7.2xl017 
86 
Total* 
BTU/yr. 
2.4xl016 
Table 32. Crude on resoUl'Ce8 (estimated reserves). 
Subregion/ Barrel Total BTU Total* 
deposit# reserve @6x106 BTU/yr. Deposit Names 
x106 BTU/BBL 
B/1 76.1 5 4.569xl0 14 1.523xlO 13 1/3 Alta Mont-Blue Bell 
C/I 46.54 2.792xl0 14 9.3xlO 12 Red Wash 
D/l 152.27 9.l36xI014 3.045xlO13 2/3 Alta Mont-Blue Bell 
L/l 55.56 3.333xlO 14 1.] 11xlO l3 Aneth 
*Yearly output assumes 30 year development life. 
Table 33. Natural gas resources (1973 production). 
Yearly Total BTU Yearly BTU 
MSCF Yearly Output 
Zone Deposit# (xl03/ft3) ] 000 BTU/ft3 xl09 Deposit Names 
B #1 4,836 ,788 .63 4.836xl012 4836.8 1/3 Altamont-Bluebell 
C #1 12,794,670 1.279x 1013 12794.67 Redwash 
D #1 9,673 577.26 9.673x10 12 9673.58 2/3 Altamont-Bluebell 
0 #1 5,583,852 5.583xl0 12 5583.85 Bryson Can., Left Hand Can., 
Fence Can., Moonridge, Segundo 
Can., Westwater Overlook, State-
line East Can., Sanaroyo 
L #1 6,263,658 6.26x10 12 6263.66 Greater Aneth 
#1 27,347,328 2.73x1013 27347.33 Lisbon, Big Indian 
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CHAPTER VI 
MODEL RESULTS FOR STUDY AREA IN THE 
COLORADO RIVER BASIN, UTAH 
Model Runs for Basic Cues 
The primary emphasis for this study is the 
development of a modeling concept to examine the 
relation between water resources and energy 
development. To do this, the modeling effort has 
been focused on a case study area. Energy 
maximization and water minimization models for 
Utah's portion of the Colorado River Basin wer~ 
formulated using the information and data 
developed in the preceding chapter. The data used 
in the example are based on good sources, but the 
assumptions and constraints for the model would 
require further review and refinement if the results 
were to be used in actual planning and decision-
making rather than simply as a demonstration. 
The following discussion of water sources and 
energy deposit allocations for the optimal energy 
output and water use illustrates the results that can 
be achieved by systems modeling approaches, and 
types of analysis and information that would be 
useful to decision-makers. 
General Description of Model Results 
Both the maximization and minimization 
models were run for three basic cases of water 
availability as summarized in Table 34. Each case 
reflects a somewhat different picture as to -the 
amount and distribution of water potentially 
allocable to energy development. 
Cases one and two had optimal solutions for 
both maximization of energy output and minimiza-
tion of water use. Case three was infeasible in both 
instances. I n this case. the 107,000 AF of available 
water was insufficient to produce the required 
minimum energy development and conversion 
Icvels. 
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Maximization 
The results of the optimal solution for the 
maximization problems is summarized in Table 35. 
Water use in maximizing energy output was 
228.774 acre-feet. Of the 239.000 acre-feet of water 
available for energy under case one and two, 10,526 
acre-feet would not be required. All the energy 
deposits in the basin were entirely developed except 
for the oil shale. Only 1.7 percent of the oil shale is 
extracted due to limited water availability in the 
White River. Water entering Utah in the Green 
River is not a limiting factor in energy development. 
The optimal output of 8,888,611 x 109 BTU 
cannot be increased unless more water is found to 
develop oil shale or energy conversion requirements 
are reduced. One other way to increase BTU 
output without reallocating water from other 
committed uses or reducing energy conversion 
requirements is to accelerate the development 
chedule of the energy resource deposits. In this 
~ ay. higher rates of energy extraction can be 
achieved by utilizing the unallocated water. If 
conversion requirements continue to climb, water 
use will climb, but BTU output will drop due to the 
losses in conversion. 
Energy conversion processes (coal gasification, 
liquefaction, slurry, electrical generation, and oil 
refineries) are utilized only at a level needed to 
meet the production requirement for that final 
energy form. Since most of these forms are for end 
use outside of the basin, total energy output could 
be expanded by exporting the extracted product 
(e.g. coal) to the consuming area where it could be 
converted using their water sources. Otherwise. 
with the greater demand for energy forms for direct 
consumption (e.g . . electric energy. natural gas), 
some energy source deposits could go undeveloped 
because of the premptive use of water for 
conversion processes. 
Table 34. Summary of water avaUabUity cues for modell'Ulll. 
Water Available, Acre-feet 
River Control Point 
Green River entering Utah 
White River 
Total at Lake Powell 
Case 1 
19,000 
40000 
239000 
Table 35. Development results of energy maximization. 
Energy Energy DeveloEed 
Source BUTxl09 Common Units 
Region A 
Extraction 
Processes 
T.S. #1 194,400 32.4 106BBL 
T.S. #2 25,000 4.16 xl06BBL 
Region B 
Extraction 
Processes 
T.S. #1 13,000 2.16 xl06BBL 
T.S. #2 2,000 .33 xl06 BBL 
Coal #2 10,000 .441 xl 06 TONS 
Oil #1 15,230 2.54 xl06BBL 
Gas #1 4,836 4.84 xl06MCF 
Region C 
Extraction 
Processes 
T.S. #1 1,500 .25 xl06BBL 
T.S. #2 370,000 61.67 xl06BBL 
Gas #1 12,794 12.79 x106MCF 
Oil #1 9,300 1.55 xl06 BBL 
Oil Shale 418,192 69.70 xl06BBL 
Reg!on D 
Extraction 
Processes 
T.S. #1 1,300 .22 xl06BBL 
T.S. #2 580 .1 xl06BBL 
Coal #1 51,800 2.31 xl06TONS 
Oil #1 30,450 5.08 xl06 BBL 
Gas #1 9,673 9.67 xl06 MCF 
Reg!on E 
Extraction 
Processes 
T.S. #1 6,000 1xl06 BBL 
T.S. #2 600,000 100x106 BBL 
T.S. #3 166,000 27.67 x106BBL 
Coal #1 310,000 12.3 x106 TONS 
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Case 2 
2,000 
40,000 
239,000 
Total 
Available 
for Dev. 
BUTxl09 
194,400 
25 ,000 
13,000 
2,000 
10,000 
15,230 
4,836 
1,500 
370,000 
12,794 
9,300 
24,000,000 
1,300 
580 
51 ,800 
30,450 
9,673 
6,000 
600,000 
166,000 
310,000 
Case 3 
2,000 
40,000 
107,000 
% 
Dev. 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
1.74 
100 
100 
100 
100 
100 
100 
100 
100 
100 
Water 
Used 
1986 
225 
132 
20 
23 
142 
24 
15 
3780 
65 
87 
36051 
13 
6 
121 
285 
49 
61 
6131 
1696 
644 
Table 35. Continued. 
Total 
Available 
Energy Energy DeveloEed for Dev. % Water 
Source BTUxl09 Common Units BTUxl09 Dev. Used 
Conversion 
Processes 
Refinery 89 ,519 14.91 xl06 BBL 2082 
Slurry 
Gasification 45,235 42.23 xl06 MCF 15984 
Liquefica tion 
Region F 
Extraction 
Processes 
Coal #1 884,000 35.29 xl06 TONS 884,000 100 1836 
Coal #2 17860 .71 xl06 TONS 17,860 100 37 
Region G 
Extraction 
Processes 
Coal # 1 92 700 3.95 x 106 TONS 92,700 100 206 
Coal #2 97,000 3:14 xl<f TONS 97,000 100 216 
Coal # 3 156,000 6.12 xlrfTONS 156000 100 320 
Coal # 4 586,000 23.63 xl<f TONS 586 ,000 100 1237 
Coal #5 85,300 3.31 xl<f TONS 85 ,300 100 173 
Coal #6 2,020 .1 xl<fTONS 2,020 100 5 
Coal # 7 423 .02 xlr! TONS 423 100 1 
T.S. # 1 59,000 9.83 xlr! BBL 59,000 100 603 
Conversion 
Processes 
Huntington 25,711.21 860MW 12900 
Slurry 
Gasification 
Liquefica tion 
Emery 24,815.5 830MW 12451 
Region H 
Extraction 
Processes 
Coal # 1 92,400 4.22 x106 TONS 92,400 100 221 
T.S. #1 700 .12 x106 BBL 700 100 7 
Conversion 
Processes 
Slurry 
Gasification 
Liquefication 
Region I 
Extrac tion 
Processes 
T.S. #1 1,010,000 168.3 xl06 BBL 1,010,000 100 10320 
Gas #1 27,347 27.35 xl06 MCF 27,347 100 140 
nversion 
Processes 
Refi nery 
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Table 35. Continued. 
Total 
Available 
Energy Energ~ DeveloEed for Dev. 0/£ Water 
Source BTUx 109 Common Units BTUxl09 Dev. Used 
Region J 
Extraction 
Processes 
Coal # 1 561,000 24.28 x106 TONS 561,000 100 1269 
Coal #2 57,000 2.28 xl06 TONS 57,000 100 120 
T.S. # 1 30,000 5xl06 BBL 30000 100 306 
T.S. #2 203,000 33. 3 xl06 BBL 203,000 100 2074 
Conversion 
Processes 
Slurry 
Gasification 
Liquefication 
Factory Butte 89,690 3000MW 45002 
Region K 
Extraction 
Processes 
Coal #1 1,220,000 51.34 xl06 TONS 1,220000 100 2688 
T.S. #1 75,400 12,56 xl06 BBL 75,400 100 770 
Conversion 
Processes 
Garfield 24,814.5 830 MW 12450 
Region L 
Extraction 
Processes 
T.S. #1 80 .013 x106 BBL 80 100 1 
Oil #1 11 ,110 1.85 x106 BBL 11 ,110 100 104 
Gas # 1 6,263 6.26 xl06 MCF 6 ,263 100 32 
Region M 
Extraction 
Processes 
Coal # 1 25,800 1.11 xl06 TONS 25,800 100 60 
T.S. #1 152,400 25,4 xl06 BBL 152,400 100 1557 
Conversion 
Processes 
Refinery 
Slurry 
Reg!on N 
Extraction 
Processes 
Coal #1 631 ,000 26.55 xl06 TONS 631,000 100 1390 
Coal #2 213 .0089x 1 06 TONS 213 100 5 
Coal #3 557,000 25,05 xl06 TONS 557,000 100 1311 
Conversion 
Processes 
Slurry 
Gasification 
Liquefication 
Kaiparowits 89,691.2 3000 MW 45003 
Region a 
Extraction 
Processes 
Coal #1 2,540 .116 xl06 TONS 2,540 100 6 
T.S. # 1 370,000 61.66 xl06 SBL 370,000 100 3781 
Gas #1 5,5 3 5.58 x 106 MCF 5 ,583 100 29 
92 
Minimization 
The allocation pattern for the optimal solution 
to the water minimization problem is depicted in 
Figure 42. The allocations shown on the map 
provide a good overview of a pattern of develop-
ment for the basin which would meet energy 
production requirements while minimizing water 
use. The solution concept illustrated here is 
particularly important in this region of water 
scarcity since there are many alternative uses for 
water that should also be considered. 
The minimum water use to meet the energy 
requirements for 1980 was 158.859 acre-feet. This 
is some SO.OOO AF more water than is available 
under case 3. the most limited interpretation of 
water availability. In this regard. under cases 1 and 
2 with 239.000 AF no branch of the river system 
was water limited. or conversely. in no basin was all 
available water required for energy development. 
This is further reflected by the fact that in the total 
sy, tern 80.141 AF of water is stil1 available for 
development. 
A detailed comparison of energy extraction 
and conversion allocations and the associated water 
consumption is presented in Table 36. The 
development pattern appears to be fairly well 
balanced among the subbasins. Deposits which are 
developed to meet energy requirements are mostly 
operated at full capacity (100 percent develop-
ment), as opposed to the possibility of many small 
and fragmented developments which might be 
inefficient. 
Attention is also called to alternative develop-
ment activities (denoted by "a" in Table 36 or the 
"*,, in Figure 42) which could be substituted for 
similar activities without changing the optimal 
solution. Three general activities (tar sands 
extraction. coal mining, and coal gasification) 
appear as alternative allocations. Examination of 
the optimal development pattern shows that only 
one tar sands operation and one coal gasification 
plant is required. The indicated alternative 
activities show that for the optimal solution these 
two processes could be located in anyone of several 
basins. In a few cases alternative coal deposits 
could be substituted in the optimal pattern. This 
additional information from the model gives 
decision-makers insight into where there is greatest 
flex ibility in making planning decisions related to 
proposed developments. 
Comparison of model results 
The contras t in result of the energy 
max imization and water minimization models 
become even more evident when the acitivty 
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allocation for the optimal solutions are tabulated 
side by side. Table 37 presents such a summary for 
easy comparison. region by region. of extraction 
and conversion activities. For example in Basin A, 
where all deposits are developed under the energy 
maximization. none are used under the water 
minimization objective. Such comparisons may 
give some help in determining which regions should 
be dela ed in development or reserved for future 
development s as to conserve present water 
consumption for energy. 
The range of pos ible water requirements by 
subbasin can also be established as an aid to 
making water rights determinations. In Region B, 
for instancc. 341 acre-feet of water is needed for 
maximum development as opposed to 166 acre-feet 
for the minimum. The range of 175 acre-feet 
between the maximum and minimum could be 
viewed as water potentially allocable to any 
competing use. This is particularly important in 
view of the fact that the model does not take into 
account additional water needs for population and 
economic growth generated by energy develop-
ments. Thus. part of the water over this range of 
flexibility may be needed to support these ancillary 
activities. 
Analysis of water allocations 
One of the important aspects of the model 
formulation is that the water resource use 
constraints are structured so as to be cumulative at 
key downstream control points. Thus, in the model 
accounting of water availability. any upstream use 
is deducted from the total supply remaining 
downstream. Hence, water use is allocated in a 
basin-wide context for the optimal solution. 
From the results of the model, a picture of 
water use by subbasins can be tabulated at stream 
control points. This is illustrated by the summary 
in Table 38 for the water minimization case and 
Table 39 for maximization. The tables provide a 
comparison of water use and water available for 
each subbasin. Water supply shown in tributaries 
is average annual flow, which does not necessarily 
incorporate all water committed under water 
rights. This aspect of the model, however, can 
easily be adjusted to reflect such constraints, new 
depletions or variations in flow as part of a refined 
analysis. Also the cumulative use and availability 
".moving downstream, provides a running account of 
'total consumption in the system. This facilitates 
basin wide allocation decisions under such 
~onstraints as the Upper Colorado River Compact 
and Lake Powell operating rules. 
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Figure 42. Optimal energy-water development pattern for water mlnlmlqUon case. 
94 
Table 36. Development results of water mlnlmlzadon. 
Total 
Available 
Energy Energy DeveloEed for Dev. % Water 
Source BTUxIO" Common Units BTUxl09 Dev. Used AF 
Reg!on A 
Extraction 
Processes 
T.S. # 1 oa 194,400 0 
T.S. #2 oa 25,000 0 
Coal # 2 0 30,100 0 
Reg!on B 
Extraction 
Processes 
T.S. #1 oa 13,000 0 
T.S. # 2 oa 2,000 0 
Coal #2 0 10,000 0 
Oil #1 15,230 2.54 xl06 BBL 15 ,230 100 142 
Gas #1 4,836 4.83 x l06 MCF 4;836 100 24 
Region C 
Extraction 
Processes 
T.S. #1 oa 1,500 0 
T.S. #2 oa 370,000 0 
Gas #1 12,794 12,79 xl06 MCF 12,794 100 65 
Oil #1 9,300 1.55 xl06 BBL 9,300 100 87 
Oil Shale 0 24,000,000 0 
Reg!on 0 
Extraction 
Processes 
T.S. # 1 oa 1,300 0 
T'S' a 
Region 0 
Extraction 
Processes 
T.S. #1 oa 1,300 0 
T.S. #2 oa 580 0 
Coal #1 0 51,800 0 
Oil #1 30,450 5.08 xl0 BBL 30,450 100 285 
Gas # 1 9,673 9.67 xl0 MCF 9,673 100 49 
Region E 
Extraction 
Processes 
T.S. #1 oa 6,000 0 
T.S. # 2 oa 600,000 0 
T.S. # 3 oa 166,000 0 
Coal #1 oa 310,000 0 
onversion 
Processes 
Refinery 89,519 14.91 xl06 BBL 2082 
Slurry 
Gasification 45 ,235 45.23 xl06 MCF 15984 
Liquefica tion 
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Table 36. Continued. 
Total 
Available 
Energy Energy DeveloEed for Dev. % Water 
Source BTUx10" Common Units BTUxl09 Dev. Used AF 
Reg!on F 
Extraction 
Processes 
Coal #1 746 ,068 29.79 xl06 TONS 884,000 84.4 1492 
Coal #2 17,860 .71 xl 06 TONS 17,860 100 37 
Region G 
Extraction 
Processes 
Coal #1 0 92,700 0 
Coal #2 0 97,000 0 
Coal #3 oa 156,000 0 
Coal #4 0 586 ,000 0 
Coal #5 85 ,300 3.31 xl06 TONS 85 ,300 100 173 
Coal #6 0 2,020 0 
Coal #7 0 423 0 
T.S. #1 oa 59 ,000 0 
Conversion 
Processes 
Huntington 75,711.21 860MW 12900 
Slurry 
Gasification oa 
Liquefication 
Emery 24,815.5 830MW 12451 
Reg!on H 
Extraction 
Processes 
Coal #1 0 92,400 0 
T.S. #1 oa 700 0 
Conversion 
Processes 
Slurry 
Gasification 
Liquefication 
Reg!on I 
Extraction 
Processes 
T.S. #1 oa 1,010,000 0 
Gas #1 27,347 27,34xl06 MCF 27,347 100 140 
Conversion 
Processes 
Refinery 
Reg!on J 
Extraction 
Processes 
Coal #1 0 561,000 0 
Coal #2 oa 57,000 0 
T.S. #1 oa 30,000 0 
T.S. #2 oa 203 ,000 0 
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Table 36. Continued. 
Total 
Available 
Energy Energy DeveloEed for Dev. % Water 
Source BTUx 1 0" Common Units BTUxl09 Dev. Used AF 
Conversion 
Processes 
Slurry 
Gasification .. a 
Liquefication 
Factory Butte 89,690 3000 MW 45002 
Region K 
Extraction 
Processes 
Coal #1 0 1,220,000 0 
T.S. #2 oa 75,400 0 
Conversion 
Processes 
Garfield 24814 830MW 12450 
Region L 
Extraction 
Processes 
T.S. #1 0 80 0 
Oil #1 11,110 1.85 xl06 BBL 11,110 100 104 
Gas #1 6,263 6.26 xl06 MCF 6,263 100 32 
Region M 
Extraction 
Processes 
Coal #1 0 25,800 0 
T.S. #1 oa 152,400 0 
Conversion 
Processes 
Refinery 
Slurry 
Region N 
Extraction 
Processes 
Coal #1 0 631,000 0 0 
Coal #2 0 213 0 0 
Coal #3 0 557,000 0 0 
Conversion 
Processes 
Slurry 
Gasification .• a 
Liquefication 
Kaiparowits 89,691 3000 MW 0 45003 
Region 0 
Extraction 
Processes 
C al #1 0 2,540 0 
T.S. #1 189,118 31.51 xl06 BBL 370,000 51.1 1929 
Gas # 1 5,583 5.58 xl06 MCF 5,583 100 29 
alndicatcs that energy source or conversion process in an alternate that could fulfill the minimization. 
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Table 37. Energy output and water use comparison of maximization of energy and minimization of water. 
Energy Maximum Minimum 
Source BTU (xl09) Water (AF) BTU (XI09) Water (AF) 
Region A 
Extraction 
Processes 
T.S. #1 194,440 1986 0 0 
T.S. #2 25,000 255 0 0 
Coal #2 30,100 69 0 0 
Region B 
Extraction 
Processes 
T.S. #1. 13 ,000 132 0 0 
T.S. #2 2,000 20 0 0 
Coal #2 10,000 23 0 0 
Oil #1 15,230 142 15,230 142 
Gas #1 4,836 24 4836 24 
Reg!on C 
Extraction 
Processes 
T.S. #1 1,500 15 0 0 
T.S. #2 370,000 3780 0 0 
Gas #1 12,794 65 12,794 65 
Oil #1 9,300 47 9,300 87 
Oil Shale 418,192 36051 0 0 
Region D 
Extraction 
Processes 
T.S. #1 1,300 13 0 0 
T.S. #2 580 6 0 0 
Coal #1 51,800 121 0 0 
Oil #1 30,450 285 30,450 285 
Gas #1 9,673 49 9,673 49 
Reg!on E 
Extraction 
Processes 
T.S. #1 6,000 61 0 0 
T.S. #2 600,000 6131 0 0 
T.S. #3 166,000 1696 0 0 
Coal #1 310,000 644 0 0 
Conversion 
Processes 
Refinery 89,519 2082 89,519 2082 
Slurry 
Gasification 45,235 15984 45,235 15984 
Liquefaction 
Region F 
Extraction 
Processes 
Coal #1 884,000 1836 746,068 1492 
Coal #2 17,860 37 17,860 37 
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Table 37. Continued. 
Energy Maximum Minimum 
Source BTU (xl09) Water (AF) BTU (xl09) Water (AF) 
Region G 
Extraction 
Processes 
Coal #1 92,700 206 0 0 
Coal #2 97,000 216 0 0 
Coal #3 156,000 320 0 0 
Coal #4 586,000 1237 
° 
0 
Coal #5 85 ,300 173 85,300 173 
Coal #6 2,020 5 
° 
0 
Coal #7 423 1 0 0 
T.S. #1 59,000 603 
° 
0 
Conversion 
Processes 
Huntington 25,711.2 12900 25,711.2 12900 
Slurry 
Gasification 
Liquefaction 
Emery 24,815.5 12451 24,815.5 12451 
Region H 
Extraction 
Processes 
Coal #1 92,400 221 
° 
0 
T.S. #1 700 7 0 0 
Conversion 
Processes 
Slurry 
Gasification 
Liquefaction 
Region I 
Extraction 
Porcesses 
T.S. #1 1,010,000 10320 0 0 
Gas #1 27,347 140 27,347 140 
Conversion 
Processes 
Refinery 
Region J 
Extraction 
Processes 
Coal #1 561,000 1269 0 0 
Coal #2 57,000 120 0 0 
T.S. #1 30,000 306 0 
° T.S. #2 203 ,000 2074 0 0 
Conversion 
Processes 
Slurry 
Gasification 
Liquefaction 
Factory Butte 89,690 45002 89,690 45002 
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Table 37. Continued. 
Energy Maximum Minimum 
Source BTU (xl0g ) Water (AF) BTU (xl0g ) Water (AF) 
Region K 
Extration 
Processes 
Coal #1 1,220,000 2688 0 0 
T.S. #1 75 ,400 770 0 0 
Conversion 
Processes 
Garfield 24,814.5 12450 24,814.5 12450 
Region L 
Extraction 
Processes 
T.S. #1 80 1 0 0 
Oil #1 11,11 0 104 11,110 104 
Gas #1 6,263 32 6,263 32 
Region M 
Extraction 
Processes 
Coal #1 25,800 60 0 0 
T.S. #1 152,400 1551 0 0 
Conversion 
Processes 
Refinery 
Slurry 
Region N 
Extraction 
Processes 
Coal #1 631,000 1390 0 0 
Coal #2 213 .5 0 0 
Coal #3 557,000 1311 0 0 
Conversion 
Processes 
Slurry 
Gasifica tion 
Liquefaction 
Kaiparowits 89,691.2 45003 89,691 45003 
Region 0 
Extraction 
Processes 
Coal #1 2,540 6 0 0 
T.S. #1 370,000 3781 189,118 1929 
Gas #1 5,583 29 5,583 29 
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Table 38. Summary of water aIIocatiODI by lub·buln for minimization cue. 
Streama Water 
Control Allocated Water Cumulative Remaining 
Subbasina Point for Development Available Use Available 
A 5 
° 
(99,400)1> 
° 
99,400 
Band D 20 498 (99,600)1> 
C 6 152 (40,000)1> 
Confluence 21 239,000c 550 238,450 
E 17,962 238,450 
F 24 1,528 (74,600)1> 
Confluence 25 20,140 218,860 
G 29 26,293 (114,500)1' 
Confluence 30 46,433 192,567 
H 
° 
192,567 
I 140 192,567 
0 33 2,097 192,567 
Confluence 34 48,670 190,330 
J 39 46,370 (70,400)1> 
K 40 12,450 190,330 
L 41 6,366 190,330 
M 
° 
190,330 
N 45,003 190,330 
Confluence 42 158,859 80,141 
aRefer to map of Figure l. 
b Average annual flow of tributary reach. 
cAll other availabilities are constrained by total in the system less upstream consumptive use. 
Table 39. Summary of water aIIocatIODI by lub·bu lD for maximization cue. 
Streama Water 
Control Allocated Water Cumulative Remaining 
Subbasina Point for Development Available Use Available 
A 5 2,310 (99,400)1> 
BandD 20 880 (99,600)1> 
C 6 40,000 (40,0001> 
Confluence 21 239,000:: 43,190 195,810 
E 26,474 195,810 
F 24 1,873 (74,6001> 
Confluence 25 71,537 167,463 
G 29 28,115 (114,500) 
Confluence 30 99,625 139,348 
H 287 139,348 
I 10,441 139,348 
0 33 3,956 139,348 
Confluence 34 114,336 124,664 
J 39 48,772 (70,400) 
K 40 15,908 124,664 
L 41 137 124,664 
M 1,617 124,664 
N 47,704 124,664 
Confluence 42 228,474 10,526 
aRefer to map of Figure 1. 
b Average annual flow of tributary reach. 
cAll other availabilities are constrained by total in the system less upstream consumptive use. 
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Model AppUcatlon, Analytical CapablUty 
and Further Development 
The type of mathematical optimization model, 
linear programming, formulated for this study is 
useful in exploring a number of different questions 
concerning resource allocation and management. 
Generally. the model's analytical capabilities can 
be easily implemented through sensitivity analysis 
and parametric programming capabilities of the 
solution algorithms. Through changes in the right-
hand-side (RHS) values for water availability, 
energy production requirements. and energy source 
development rates. the effects of a wide range 
policy alternatives or constraints can be examined. 
Some of these include: 
(I) The impact of changes in water availa-
bility on optimal energy development 
patterns. such as the effect on the system 
of committing water to a particular use at 
a certain place. 
(2) The effects of restricting or encouraging 
development of specified energy deposits. 
or otherwise altering development rates. 
(3) The effect of altering capacities of 
planned electrical generating plants. 
(4) The effect of changing the mix of energy 
product outputs, including energy ex-
ported out of the region. 
(5) Examination of the need for water trans-
fers to realize development options. 
(6) Planning of capabilities for energy con-
version plants. 
Also, analysis of the sensitivity of objective 
functions coefficients (via reduced costs) can 
indicate those processes or activities which could 
come into the optimal solution with only very slight 
improvements in the energy to water output ratio. 
Sensitivity analysis would also indicate those areas 
in which further refinement of coefficient values 
would be profitable. 
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Within the general structure of the present 
model, there are also several possibilities for 
extending or expanding the model's capabilities. 
One particularly pertinent question involves the 
influence of economic considerations on the 
optimal water-energy development patterns. An 
exploration of this issue can be accomplished by a 
reformulation of the objective function so that the 
economic value-added for product outputs can be 
maximized. In addition. the siting of conversion 
process plants could also be examined based on 
minimizing water input. site development, energy 
loss and product transportation costs. Other 
possibilities for model refinement include higher 
spatial and temporal resolution, as well as 
expansion of the geographical boundaries of the 
study area, for example to the entire Upper 
Colorado River Basin. 
Summary 
The purpose of the research was to develop a 
water-energy resource allocation model and test it 
on a case study area. Since the study was primarily 
at a conceptual and demonstration level, the model 
has not been refined to the extent that it could be in 
terms of spatial and temporal resolution, nor have 
all the possible analytical capabilities available in 
mathematical programming been employed. 
While the maximization and minimization 
models are not dual problems in the theoretical 
sense of mathematical programming, the use of 
both approaches together in the case study analysis 
is valuable in pinning down the range of options 
that may be available to planners and decision-
makers. 
The model application to the complex system 
of Utah's portion of the Colorado River Basin, 
however. has shown the workability and potential 
usefulness of this modeling approach in evaluating 
future decisions on the allocation of water and 
energy resources in the western states. 
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